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| The Constant 
' Pollinator 


In ecology, reinforcement is the 
process by which species prevent 
hybridization and maintain species 
boundaries, but the underlying ge- 
netic mechanisms are unclear. Hop- 
kins and Rausher (p. 1090, pub- 
lished online 2 February) examined 
reinforcement between two species 
of a wild flowering plant called 
Phlox that show incomplete hybrid 
sterility. Down-regulation of a flavo- 
noid gene produces red flowers and 
operates in concert with a color in- 
tensity locus to adjust flower color 
and tone. A distinct geography of 
§ flower color has emerged in which it 
appears that dark coloration causes 
less hybridization between the spe- 
* cies because the butterfly pollina- 
tors tend to favor light-blue flower 


Acid History 


As human activity continues to pump nearly 
50-fold more CO, into the atmosphere than any 
existing natural sources, the oceans absorb it. 
Over time, this vast quantity of excess oceanic 
CO, is expected to decrease oceanic pH and 
have marked effects on calcifying marine spe- 
cies. Looking to the past for records of the con- 
sequences, other instances of ocean acidification 
in geologic history caused by large natural 
events, such as volcanism, may help predict the 
oceans’ response to contemporary CO, levels. 
Honisch et al. (p. 1058) review the geologi- 
cal events that potentially altered oceanic pH, 
from the last deglaciation to the largest mass 
extinction in Earth's history. The current rate 

of anthropogenic CO, input into the oceans is 
much faster than at any other instance in the 
past, but yet it is unclear whether or not future 
ocean pH will be significantly affected. 


Earth's Sluggish Past 


Based on their affinity for iron or silicon, some 
elements partition into different compartments 
of Earth’s interior. In the early stages of the 
formation of the solar system, when Earth was 
rapidly accreting and differentiating to form a 
core and mantle, elements such as tungsten and 
hafnium went along for the ride. By studying the 


color variants. If pollinators visit flowers with similar phenotypes more frequently than flowers with 
dissimilar phenotypes, this will decrease gene flow between the unlike flowers. 


signatures of these elements and their isotopes 
in ancient volcanic rocks from the mantle, 
Touboul et al. (p. 1065, published online 16 
February; see the Perspective by Bennett) reveal 
that there was a long-lived ?®°W reservoir that 
formed deep within Earth during the first 30 
million years of the solar system. Because the 
reservoir persisted for over 1.7 billion years, it 
appears the mantle was poorly mixed and indeed 
it was so sluggish that it did not even homog- 
enize during the massive collision that formed 
the Moon. 


Cold Dust 


Atmospheric dust affects air quality, air and 
ocean chemistry, ocean biology, and climate, 
so understanding its origins is important to 
many fields. Hot, dry, desert regions at low 
latitudes are well-understood sources, but the 
role of higher-latitude regions in dust produc- 
tion has not been considered. Prospero et al. 
(p. 1078) present a 6-year record of measure- 
ments made on an island south of Iceland, 
which revealed frequent episodes of dust- 
production associated with glacial outwash 
plains and outburst floods. Much of this dust 
is transported southward and deposited in the 
North Atlantic, making it a potentially impor- 
tant supply of iron to drive ocean production in 
that region. 


Tree Refugia 


Ideas of how and when boreal plants spread to 
the formerly glaciated parts of the world follow- 
ing the retreat of the glaciers 9000 years ago are 
long debated. Models of the postglacial spread of 
boreal plants argue for dispersal from southern 
refugia; however, Parducci et al. (p. 1083) have 
shown that both spruce and pine were present in 
small ice-free regions of Scandinavia much earli- 
er than thought. DNA haplotyping confirmed that 
a remnant mitochondrial type of spruce, once 
unique to Scandinavia, now lives alongside the 
more common spruce originating from Eastern 
Europe. Evidence from lake cores collected from 
central and northern Norway indicated the surviv- 
al of conifers as early as 22,000 years before the 
present, when apart from ice-free pockets, most 
of Scandinavia was covered by ice. 


Setting Atoms Free 


In a plasma, gaseous atoms and molecules 
accumulate so much energy that they fall apart 
into electrons and all manner of bigger charged 
fragments. Free electrons can 
also wreak a degree of havoc 
within a liquid environment 

as they generate local reactive 
fragments, which then couple 
with the surrounding solvent 
to form a slew of products. 
Alexander et al. (p. 1072) 
explored what happens if 
reactive electrons emerged at 
the surface of such a liquid. 

To generate these conditions, 
they bombarded a shallow film 
of deuterated glycerol with 
sodium atoms that ionized 

on impact and discovered, in 
contrast with bulk liquid, that 
solvent-derived deuterium 
atoms escaped from the surface into the gas 
phase before they could react any further. 


Random and Directed 


Natural selection drives populations to adapt to 
new environments; the raw material or “founder 
effects” provided by the first colonizing indi- 
viduals can thus have a formative influence on 
the population's future. Kolbe et al. (p. 1086, 
published online 2 February; see the cover) 
tested the relative contributions of selection and 
founder effects in Bahamian lizards. Founders 
were taken from an island covered in forest: 
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These lizards had long hindlimbs for sprinting across the broad expanses of tree trunks. Long-limbed 
lizards were introduced to seven smaller islands covered in scrub that, before hurricane Frances 

in 2004 swept them away, had been populated by lizards with short hindlimbs better suited for 
navigating a twiggy habitat. After several generations, all the new lizard populations had adapted to 
their new habitats by evolving shorter hindlimbs but they also retained other morphological and ge- 
netic signatures from their founding ancestors. Thus, evolution occurs by a combination of arbitrary 
events, as well as those shaped by selection. 


Shape-Shifting Signals 


Although orthogonal signaling systems seem to direct various developmental processes, few tissues 
remain in the same shape as they are at initiation to that of the final form. Arabidopsis leaves are 

free of the cell migrations that complicate animal development, and thus allowed Kuchen et al. 

(p. 1092) to track and model the trajectory of leaf growth under a variety of perturbations. Varying the 
values of parameters in their model produced outputs of different leaf shapes ranging from obcordate, 
ovate, and oval to elliptic, and offered predictions for genes 
that regulate the developmental process. The meristem at the 
growing tip of plants is home to stem cells and is the source 

of newly differentiating shoots and leaves. New leaves make 
their first appearance as bulges at the side of the dome-shaped 
meristem. Although these developmental events are under hor- 
monal control, they also seem to be constrained by the physical 
properties of the meristem. Kierzkowski et al. (p. 1096) tested 
physical effects acting on the shoot apical meristem of growing 
tomato shoots that alter turgor pressure. Again, mathematical 
modeling combined with observations of plant tissue helped 

to define the different zones in the meristem that respond to 
diverse mechanical stimuli. 


Sulfa’s Crystal View 


The sulfonamide antibiotics (sulfa drugs) have been used to treat infections for over 70 years; 
however, emerging resistance has eroded their clinical utility. Sulfa drugs target dihydropteroate 
synthase, a key enzyme in the bacterial folate pathway. By performing the reaction in the crystalline 
form of the enzyme, Yun et al. (p. 1110) have characterized the key structural intermediates. In 
combining structural data with theoretical and mutagenesis studies, they propose a detailed mecha- 
nism for dihydropteroate synthase catalysis. By resolving this structure with a sulfa drug bound to 
the enzyme, they showed how inhibition occurred and indicated how resistance could emerge. 


Acquire and Share 


Few would argue with the stance that human social cognition supports an unequaled capacity to 
acquire knowledge and to share it with others. Dean et al. (p. 1114; see the Perspective by Kurzban 
and Barrett) compared the extent to which these social and cognitive psychological processes can 
be elicited in children, capuchins, and chimpanzees through the use of a three-level puzzlebox task. 
Incentivized by improving rewards, 3- to 4-year-old children progressed from the first to the third 
level by imitating observed actions, taught other members of their social group how to solve the 
problem, and shared the rewards obtained. By contrast, neither the capuchins nor chimpanzees, very 
few of which ever reached the third level, exhibited these charactertistics. 


New Teacher Syndrome 


The employment retention of high-school science and math teachers in the United States has diminished 
over recent decades, such that now many students are being taught by novice teachers. Henry et al. 

(p. 1118) have analyzed the effectiveness of teachers by examining data collected from North Carolina 
public schools. Less-effective teachers seem to have a greater tendency to leave teaching and the great- 
est gains in teacher effectiveness are when the teacher is new—within the first 3 years on the job. Some 
subject areas are more likely to be affected by the preponderance of novice teachers than other subjects, 
including math and science. 
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The Flame Challenge 


| WAS 11 AND | WAS CURIOUS. | HAD BEEN THINKING FOR DAYS ABOUT THE FLAME AT THE END 
of a candle. Finally, I took the problem to my teacher. “What’s a flame?” I asked her. “What’s 
going on in there?” There was a slight pause and she said, “It’s oxidation.” She didn’t seem 
to think there was much else to say. Deflated, I knew there had to be more to the mystery of 
a flame than just giving the mystery another name. That was a discouraging moment for me 
personally, but decades later I see the failure to communicate science with clarity as far more 
serious for society. We feel the disconnect all around us, from a common misimpression that 
evolution is the theory that we’re descended from monkeys, to the worry that physicists in 
Geneva might suck the universe into a teacup—or something uncomfortably smaller. 

Scientists have recognized for some time that there is a harmful gap in understanding 
between their work and much of the rest of the world—one that can hold back scientific 
progress. Scientists urgently need to be able to speak with clarity 
to funders, policy-makers, students, the general public, and even 
other scientists. (Not to mention the poignant wish of some young 
researchers to be able to explain their work to their grandmothers.) 
I first got insight into this problem while interviewing hundreds of 
scientists on the television program Scientific American Frontiers, 
produced for the Public Broadcasting Service in the United States. 
On that show, rather than doing conventional interviews, I had con- 
versations with the scientists in which I kept barraging them with 
questions until I finally understood their answers. As a result, their 
work became more accessible to the audience (and to me) than if I 
had stuck to a standard interview format. Having to talk with some- 
one who was truly trying to understand caused an actual human inter- 
action to take place in these interviews. There was more warmth, 
and the real person behind the scientist in the white lab coat could 
emerge. Suddenly, both young people and adults could see that scientists were like them, 
with a natural way of speaking and even a sense of humor. 

I began to think that clarity in communicating science is at the very heart of science 
itself. And I wondered if written and oral communication skills could be taught systemati- 
cally throughout the entire length of a student’s science education. The State University of 
New York at Stony Brook picked up on this idea, founding the Center for Communicating 
Science. I became part of the teaching faculty, and we began experimenting. We are now 
teaching communication courses for credit to graduate students in the sciences. Students 
learn to distill their message and write without jargon. They also experience an innovative 
course in improvisation, which teaches them to communicate with a live audience with the 
ease and familiarity of an animated conversation. The intention, of course, is not to turn 
scientists into actors but to allow them to be more authentically themselves in public inter- 
actions. Most of all, we discourage any form of “dumbing down” the science. The goal is 
to achieve clarity and vividness. 

As serious as this question is, I’d like to try a playful experiment. Would you be willing 
to have a go at writing your own explanation of what a flame is—one that an 11-year-old 
would find intelligible, maybe even fun? The Center for Communicating Science is looking 
for new ways to light up people’s minds with science, and you might point the way. We’ll 
try out the entries on real 1 1-year-olds and see which work best. For information about this 
Flame Challenge contest, see http://flamechallenge.org. 

So here I am—I’m 11 years old and looking up at you with the wide eyes of curiosity. 
What is a flame? What’s going on in there? What will you tell me? 

— Alan Alda 


10.1126/science.1220619 
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The Ends Control the Means 


Changing the balance of weak intermolecular 
forces can change the types of phases that mol- 
ecules form. Cortese et al. explored the ordering 
of polypropylene (PPO) oligomers (either 460 
or 2200 g/mol) bearing either thymine (Thy) 
or diaminotriazine (DAT) end groups, as well as 
mixtures of these molecules. The better-defined 
hydrogen bonding complementarity of Thy 
caused those associated oligomers to arrange in 
both a crystalline phase and a lamellar phase, 
in which the Thy groups formed an ordered 
two-dimensional crystal but the PPO chains 
were disordered. In contrast, DAT-terminated 
oligomers formed only glasses; the stronger af- 
finity of PPO for DAT than Thy and the multiple 
hydrogen bonding motifs provided less driving 
force for microphase separation. In mixtures of 
the oligomers, the stronger Thy-DAT versus Thy- 
Thy interactions actually disrupted the lamellar 
ordering. In these systems, the ability of the end 
groups to crystallize appeared to be the main 
driver of mesoscopic ordering. — PDS 

J. Am. Chem. Soc. 134, 10.1021/ 

ja2119496 (2012). 


Lightening the Load 


One clear-cut method of raising the fuel effi- 
ciency of a car is to reduce its weight. Of course, 
that’s easier said than done, given competing 


IMMUNOLOGY 


A specialized population of T cells that reside in the skin are important for responding 
to stress, such as that caused by wounding or malignancy. In mice, most of these 
cells express the yO T cell receptor (TCR), and it is thought that they recognize stress 
when the TCR itself engages stress-induced ligands. Whether the TCR of skin y5 T 
cells is engaged in the steady state, however, is not well understood. Chodaczek 

et al. used a combination of intravital microscopy and immunohistochemistry of 


recently imaged mouse skin fragments to obtain a better picture of the actions of 

epidermal yo T cells in the steady state. They found that these cells had specific 

orientations: They were positioned along squamous keratinocyte tight junctions 

and had multiple dendrites that extended toward the apical epidermis. The yo 

TCR as well as other TCR signaling molecules localized to the tips of the dendrites 

in a TCR-specific manner. Epidermal stress caused 6 T cells to reorient toward the 

basal epidermis and Langerhans cells, but did not substantially alter the strength of 

the TCR signals. These results suggest that active TCR signaling in the basal state may 
help to prime ¥6 T cells to respond to a secondary stress signal. — KLM 


constraints such as safety and performance. 
Alonso et al. focus on a more subtle aspect of 
the problem. In principle, an overall reduction in 
gross vehicle mass (GVM) enables an associ- 
ated reduction in the masses of many individual 
components that now bear and act on a lighter 
load. In practice, such secondary mass savings 
(SMS) may go unrealized because the subsystems 
are designed and manufactured separately— 


and in some cases are used in a range of car 
models that vary in GVM. The authors therefore 
empirically analyze the subsystems in a set of 77 
vehicles (representing 13 different manufactur- 
ers) currently marketed in North America and 
Europe to pinpoint sources and scope of SMS, 
with the ultimate goal of facilitating consider- 
ation of these factors earlier in the overall design 


Nat. Immunol. 13, 272 (2012). 


process. Their statistics indicate prospective 
mean SMS as high as 0.95 kg per kg of primary 
mass reduction. — JSY 
Environ. Sci. Technol. 46, 10.1021/ 
es202938m (2012). 


Soon It’s Gonna Rain 


As climate warms, the atmosphere holds more 
moisture, and increased global precipitation 

is expected even while deserts may expand or 
move as areas receiving precipitation shift. This 
physics is captured in global climate models, 
and their results show changes even for warming 
over the 20th century. However, observational 
data seem to show an even greater increase in 
precipitation. Noake et al. take a closer look, 
comparing three data sets of on-land pre- 
cipitation covering the latter half of the 20th 
century with the output from 54 climate model 
runs. Their analysis shows that precipitation 
increased most noticeably at higher latitudes 

in the Northern Hemisphere from December 
through May and over a wider belt in the fall; 
summer precipitation decreased slightly at lower 
latitudes. The model results are consistent with 
the pattern seen, but underestimate the spring 
increases seen at higher latitudes. Most useful 
for planning are estimates of the likely extremes 
in precipitation, as these affect flood forecasts 
and mitigation contingencies. Mishra et al. 
conduct an analysis comparing regional climate 
models and observations of urban extreme 
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precipitation events across the United States. 
Their comparison similarly implies that regional 
models generally underestimate short-lived 
precipitation extremes but do somewhat better 
(about 25% success) with daily averages. — BH 


Geophys. Res. Lett. 39, L03706; L03407 (2012). 


ECOLOGY 
Behold My Triumph 


Triumph displays are something we regularly 
associate with professional athletes, who often 
celebrate their victories in sometimes quite 
memorable ways. Such displays also occur widely 
among animals—for example, as loud calls that 
follow a victory over a competitor for territory or 
a mate. The functions of these 

displays, however, are 
not well understood. 
This is because 
understanding a 
display’s func- 
tion requires 
knowing 
something 
about how 

it influences 
its potential 
receivers, 

and character- 
izing a receiver's 
impression of a 
display is challenging. 
Mouterde et al. use a clever 

approach to try to characterize the 

internal response of nesting little blue penguins 
to the call of a triumphant male. They briefly 
replaced the eggs of nesting birds (both males 
and females) with egg-shaped heart monitors 
and then experimentally exposed them to calls 
simulated to represent winners and losers. When 
later exposed to the same calls, the heart rates 

of males rose significantly in the presence of 
winners, but not losers. The heart rates of females 
rose in response to both types of calls. These 
results suggest that triumph calls operate to 
establish a dominance reputation for individuals, 
particularly among males, and may help animals 
avoid conflict. This may be especially important 
in animals like little blue penguins whose contact 
with other individuals 

is relatively infrequent. — SNV 


Anim. Behav. 83, 605 (2012). 


IMMUNOLOGY 
Biased for the Better 


Bacterial infections can turn deadly when 
components of the bacterial membrane, such as 
lipopolysaccharide (LPS), cause runaway activa- 


EDITORS'CHOICE 


tion of the host immune system. LPS binds to 
Toll-like receptor 4 (TLR4) on the surface of host 
cells and activates two major signaling pathways. 
One, which acts through an adaptor protein 
known as TRIF, leads to production of interferon 
and chemokines that beneficially stimulate the 
adaptive immune system. The problematic side 
is mediated by the adaptor known as MyD88, 
which stimulates inflammatory responses that can 
lead to toxicity. Bowen et al. report that a very 
small structural change in a mimetic molecule 
that acts like LPS, analogous to changing just one 
phosphate group on the lipid A portion of LPS, 
effectively separates the two signaling pathways. 
Binding of the mimetic to TLR4 activated TRIF- 
mediated signals but caused little or no activation 
of the MyD88-mediated pathway. The results 
confirm that it may be possible to design 
therapeutic agents that can harness 
beneficial signaling from the TTR4A— 
for example, to promote a strong 
response to vaccination, but 

avoid the normally concomi- 

tant, potentially toxic inflam- 

matory response. — LBR 

Sci. Signal. 5, ra13 (2012). 


CELL BIOLOGY 
A Forced Opening 


Mechanical forces on bone 
stimulate intracellular signaling 
pathways in osteocytes that promote 

remodeling. Signaling molecules that drive 
such remodeling are likely transmitted between 
cells through the connexin 43 (Cx43) hemichan- 
nel (HC). Integrins are focal adhesion proteins 
that provide support to the cell by connecting 
the cytoskeleton to extracellular matrix (ECM) 
components like fibronectin. Integrins have also 
been proposed to be mechanosensors in bone 
cells. Batra et al. now show that the cytoplasmic 
domain of the o subunit of integrin o.B, inter- 
acts with the cytoplasmic domain of Cx43, that 
the interaction is strengthened by fluid flow, and 
that this interaction is required for HC open- 
ing. The opening required osteocyte attachment 
to the ECM but was independent of integrin 
as, binding to its ligand, fibronectin. Direct 
forces applied to integrin «8, by magnetic 
beads induced the opening of the HC, and such 
mechanical stress—induced opening required 
phosphatidylinositol 3-kinase (PI3K), which has 
been implicated in fluid-flow—induced activation 
of integrins in epithelial cells. It is likely that 
PI3K is responsive to fluid flow and transmits 
this to integrins, leading to opening of the HC 
and bone remodeling. — VV 

Proc. Natl. Acad. Sci. U.S.A. 109, 10.1073/ 

pnas.1115967109 (2012). 
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AAAS is here — 


bringing educational 
infrastructure to the 
developing world. 


AAAS is helping the Rwandan 
government rebuild its educa- 
tional infrastructure as a way 

to help drive economic growth 
and development. By providing 
materials such as the Project 
2061 Atlas of Science Literacy, 
lesson plans from Science 
NetLinks, and access to Science 
digital libraries, AAAS is helping 
the people of Rwanda work 
toward a future built around 
science and technology. As a 
AAAS member your dues 
support these efforts. If you’re 
not yet a AAAS member, join us. 


Together we can make a difference. 


To learn more, visit 
aaas.org/plusyou/rwanda 
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Melbourne, Australia 1 
Salvation in Sight for Synchrotron 


After months of uncertainty, a deal is taking 
shape to save the Australian Synchrotron, 
one of two such facilities in the Southern 
Hemisphere. The synchotron has given Aus- 
tralian scientists access to powerful beams 
of light to probe new materials, proteins, and 
other substances. But last May, the synchro- 
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tron’s major backers—the federal govern- 
ment and the government of Victoria State, 
which hosts the facility—omitted funds for 
the synchrotron in their budgets beyond 

30 June 2012. 

Under a new agreement about to be 
inked, federal support for the synchrotron 
will be extended through the Australian 
Research Council’s Special Research Initia- 
tive, which awards large grants to univer- 
sity consortia. Monash University will lead 
the bid for the funds, says Ian Smith, the 
university’s pro vice-chancellor for research 
and research infrastructure. Smith says that 
the synchrotron will need at least AUS $100 
million to operate over the next 4 years. The 
Special Research Initiative would provide 


a quarter of the funds; universities would 
match that amount, and the remainder would 
come from the Victorian government, the 
New Zealand government, and three Austra- 
lian government agencies. 


Admiralty Bay, Antarctica 2 
Fire at Brazil's Antarctic Station 


A fire sweeping through a generator room 
at Brazil’s Comandante Ferraz Antarctic 
Station caused an explosion that killed two 
people, injured another, and destroyed about 
70% of the station on 25 February. The Bra- 
zilian Air Force has evacuated 45 people 
from the base, including the injured man. 
The station is in the South Shetland 
Islands near the tip of the Antarctic Penin- 
sula, where scientists studied coastal and 
shelf marine ecosystems and the impact of 
climate change. “The assessment is that we 
really lost virtually everything,” Brazilian 
Defense Minister Celso Amorim told report- 
ers on 25 February, noting that the loss of 
the base—Brazil’s only permanent research 
station on the continent—is a major blow 
to Brazil’s scientific community. Amorim 
added that plans for reconstructing the base 
would begin almost immediately. 


Cadarache, France 3 


ITER Dodges Trouble With 
Superconducting Cables 


A potential problem that threatened to 
delay construction of the huge ITER fusion 
reactor looks like it has been resolved. 
Tests last year on samples of superconduc- 
tor cable for the facility’s magnets indicated 
the cable would last only one-tenth as long 
as required. That prompted a scramble to 
identify the cause and come up with a solu- 
tion. Recent tests at a high-magnetic-field 


Wrapped up. Super- 
conductor for ITER’s 
Magnets. 


facility in Switzerland show that engineers 
have succeeded. 

The superconducting cables consist of 
multiple “triplets” of three strands. The 
cables that failed contained triplets made up 
of two niobium-tin strands and one of copper; 
the copper is a safeguard against “quench- 
ing,” when the niobium-tin material suddenly 
loses its superconducting ability. In normal 
operation, the two strands shoulder the large 
magnetic forces that the conductors experi- 
ence. The new configuration would consist of 
three strands made of a combination of cop- 
per and niobium-tin, so that all three share 
the load of magnetic forces. 

This has delayed the start of conductor 
manufacture, but other delays—including 
last year’s earthquake and tsunami in Japan— 
had already forced ITER managers to push 
back the scheduled start of the reactor by 
1 year to late 2020. http://scim.ag/_ITER 


Southampton, U.K. 4 


Declassified Sub Data 
To Shed Light on Arctic 


The U.K. Minister of Defense is declassify- 
ing data collected by Royal Navy subma- 
rines in the Arctic and handing them over to 
scientists to help track the region’s changing 
climate. The subs’ data will include tem- 
perature and salinity measurements that may 
span time periods of anywhere from 10 to 
20 years. Scientists are eager for informa- 
tion about how the Arctic has been chang- 
ing over the past few decades, but the harsh 
conditions make it hard to collect traditional 
oceanographic measurements in the region, 
says John Allen, an oceanographer at the 
National Oceanography Centre, Southamp- 
ton, which will receive the data. 

Because of the classified nature of the 
data, it’s not yet clear how much there is, 
Allen says, or even exactly what will be 
made available. Before the scientists can 
begin to analyze the data, the ministry’s 
Defense Science and Technology Laboratory 
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will first remove the exact locations where 
the data were collected. But, even without 
precise locations, the data can provide a 
valuable, long-term series of snapshots of 
the changing chemistry of Arctic waters. In 
particular, Allen says, they will help scien- 
tists compare the time scales of temperature 
changes in ice-covered waters with those in 
ice-free waters. 


World Bank, NGOs Partner 
For Ocean Health 


The World Bank is teaming up with major 
environmental groups and international 
non-governmental organizations to raise 

$1.5 billion to improve ocean health. The 
Global Partnership for Oceans, announced 
24 February, will attempt to speed progress 
on overfishing, marine pollution, and destruc- 
tion of ocean habitats such as coral reefs. 

Top goals for the next decade include 
rebuilding more than half of the depleted 
fish stocks around the world and expanding 
marine protected areas from about 1% of the 
oceans to cover 5%. In addition, aquaculture 
should provide two-thirds of the global fish 
supply rather than half, and it should be 
made more sustainable by relying less on 
fish meal for feed, for example. “All these 
points are well thought out,’ says ecologist 
Carl Safina of Blue Ocean Institute in Cold 
Spring Harbor, New York, who says he wel- 
comes the announcement. “The biggest criti- 
cism of the World Bank is that it increases 
ability of people to exploit nature and does 
not emphasize the need for sustainability, but 
this does.” 


/Last gasp. Many’stocks of Patagomian' toothfish, 
also called Chilean sea bass, are depleted. 


THEY SAID IT 


“| suspect ... that both 
Einstein's theory and my 
boxer shorts are safe.” 


—Physicist Jim Al-Khalili of the Uni- 
versity of Surrey in the United Kingdom, 
who had promised to eat his boxers on 
live TV if neutrinos were shown to travel 
faster than light (see p. 1027). 


of the Indian Space Research Organisa- 
tion (ISRO) for alleged missteps in a sat- 
ellite deal. Last month the goverwnment 
banned four scientists—including former 
ISRO head G. Madhavan Nair, who over- 
saw India’s successful Chandrayaan-1! lunar 
probe in 2008—from holding a government 
position for the rest of their lives. The pun- 
ishment cited “procedural lapses” during 
negotiations to lease two communication 


To help accomplish these goals, the 
partnership says it will raise $300 mil- 
lion for initial actions, such as ramping 
up efforts to fight government corrup- 
tion. These efforts, they hope, will lever- 
age another $1.2 billion from donors over 
5 years. Details of the partnership will be 
worked out at a meeting next month. 


Space Scientists Protest 
Colleagues’ Blacklisting 


India’s scientific community is turning up 
the heat on the government over its contro- 
versial sanctions of four former officials 


satellites to a private company. 

Senior Indian scientists have blasted 
the ban. Roddam Narasimha, an aerospace 
scientist at Jawaharlal Nehru Centre for 
Advanced Scientific Research in Banga- 
lore, resigned on 24 February from the 
Space Commission, India’s top space policy 
body. Narasimha wrote in a letter to Prime 
Minister Manmohan Singh that the “actions 
taken against the scientists could demoral- 
ize the Indian Space Research Organiza- 
tion’s scientific community, and adversely 
affect its ability to take the kind of techno- 
logical initiatives ... that are the hallmark 
of an innovative organization.” 
http://scim.ag/Indiaspace 


Pe 


Double-Duty Dads 


In the primate world, owl monkeys are unusual because the dads play 
a big role in bringing up baby. Now, the unprecedented births of two 
sets of twins in a population of owl monkeys that researchers have 
been studying for 15 years in Argentina is offering a “rare, exciting, 
and fascinating” research opportunity, says behavioral primatologist 
Eduardo Fernandez-Duque of the University of Pennsylvania. 

“Few aspects of primate behavior are so intriguing, yet so poorly 
understood, as the intense care of infants by males,” he explains. 
And owl monkey fathers (like the one pictured at left) are especially 
unusual, in that they “do it all—carrying the infants, feeding them, 
playing with them.” Now, a recent grant from the U.S. National Sci- 
ence Foundation will enable Fernandez-Duque and colleagues to see 
how the dads handle double duty as the twins, born late last year, 
grow up. The study may offer insight into why this rare child-rearing 
arrangement evolved. 
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Random Sample 


A Cold July in Baghdad 


Researchers in Spain are tapping a new database in 
their search for historic climate patterns: medieval 
Arab history. Physicist Fernando Dominguez-Castro 
of the University of Extremadura in Badajoz, Spain, 
and his colleagues, including a historian of Arab 
culture, examined references to droughts, floods, 
and hail in ten Arab sources written between 
816 C.E. and 1009 C.E.. One text told of nights 
during a Baghdad summer that were so cold that 
residents bundled up inside their homes rather 
than sleeping on roofs as was the custom, the team 
reported in Weather. 

The texts, the team concluded, suggest that 
10th century Baghdad had more cold spells than 
it does now. That conclusion agrees with previous 
hemisphere-wide temperature reconstructions by 
climate scientists—but it’s the first time this has 
been demonstrated for Baghdad. 

Understanding how global climate trends play out close to home is a 
priority for many climatologists. Yet extracting useful climate informa- 
tion from medieval records will require trust and cooperation between 
researchers with little in common. “People are reticent,” Dominguez- 
Castro says of the historians closest to medieval archives. “They think, 
‘These crazy physicists are here to steal my job.’ “ 


Still, the large geographic and historic span of Arab record-keeping 
is attracting funding from Spanish and German research organiza- 
tions. Comparing historical records from German monasteries with 
those from Andalusian courts might also generate fresh insights. “Most 
climate reconstructions are from the north of the Mediterranean,” 
Dominguez-Castro explains."The southern Mediterranean is climati- 
cally very interesting but also very little studied.” 
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FINDINGS 


Genetically Engineered Bacteria 
Could Help Fight Climate Change 


Some researchers believe that capturing 
atmospheric CO, and trapping it in buried 
rocks could lower the risk of catastrophic 
climate change. Now researchers have found 
that bacteria can speed that process up. 


up, biochemist Jenny Cappuccio and col- 
leagues at the Lawrence Berkeley National 
Laboratory’s Center for Nanoscale Control 
of Geologic CO, put a mix of common 
bacterial species in a calcium chloride 
solution in the lab and pumped in CO). 
They found that calcium carbonate formed 
faster where the bacteria were living than 
in sterile solutions. 


BY THE NUMBERS 

149 Potential sources of human 
error in fingerprint analysis, accord- 
ing to a National Institute of Stan- 
dards and Technology report. 


198 kg of CO, The estimated 
carbon footprint—equivalent to 
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CO, pumped into underground rocks 
combines with metal ions in the salty water 
that fills the rock pores and mineralizes 
into mineral carbonates such as calcium 
carbonate (CaCO,). That can take thousands 
of years. To see if they could speed things 


@ 


The team guessed that the surfaces of the 
bacteria were helping the CO, hook up with 
calcium ions. They modified one of the bac- 
terial species, Caulobacter vibrioides, insert- 
ing a sequence of DNA that reshaped the 
bacteria’s surface to attract calcium ions. 

It worked. When the 
researchers pumped CO, into 
the tanks where the modi- 
fied bacteria were living, 
even more CaCO, solidified 
than in tanks with unmodi- 
fied bacteria. Cappuccio 
reported the team’s results 
26 February at a meeting of 
the Biophysical Society in 


Taking shape. Initially amorphous in sterile solutions (left), calcium San Diego, California. 


carbonate quickly forms crystals (right) when bacteria are present. 


http://scim.ag/CO2gen 
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burning 90 liters of gasoline—of 

a shrimp cocktail made with shrimp 
grown in former mangroves, 
according to ecologist Boone 
Kauffman of Oregon State 
University, Corvallis, reporting 

at February's AAAS meeting. 


LIVE 


Join us on Thursday, 8 March at 3 p.m. EST for 
a live chat on the Science of Forensics. How 
are researchers helping police solve tough 
crimes? http://scim.ag/forensiclive 
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SUPERLUMINAL NEUTRINOS 


Loose Cable May Unravel 
Faster-Than-Light Result 


Anomalous data suggesting that neutrinos 
can travel faster than light probably resulted 
from a faulty connection in a GPS timing 
system, physicists from the OPERA collab- 
oration revealed last week. Scientists who 
wish not to be identified say a few persistent 
OPERA researchers spotted the problem 
during tests the collaboration’s leaders at 
first opposed. 

OPERA, or Oscillation Project with 
Emulsion tRacking Apparatus, is a particle 
detector housed under the Gran Sasso moun- 
tain in central Italy. In September 2011, 171 
scientists from the international collaboration 
announced that thousands of measurements 
made between 2009 and 2011 seemed to 
show that neutrinos from the CERN labora- 
tory near Geneva, Switzerland, were reaching 
Gran Sasso some 60 billionths of a second 
(60 nanoseconds) earlier than light would—a 
finding at odds with Einstein’s special theory 
of relativity (Science, 30 September 2011, 
p. 1809). In November, measurements with 
shorter, easier-to-time pulses confirmed the 
anomaly, but many physicists remained skep- 
tical (Science, 2 December 2011, p. 1200). 

That skepticism has grown with the lat- 
est announcement. From December 2011 
until a couple of weeks ago, a small group of 
OPERA researchers care- 
fully measured how much 
time it takes light pulses to 
travel along an 8-kilometer 
optical fiber that connects 
an external GPS receiver to 
the Gran Sasso laboratory. 
The “time stamps” encoded 
by these pulses are also 
sent to CERN to synchro- 
nize timing at the two labs, 
but the time that the pulses 
take to travel along the fiber 
must be added to the time 
stamp to ensure that the 
neutrinos’ arrival times are 
recorded accurately. 

The investigators dis- 
covered that the pulses’ 
transit time varied by sev- 
eral tens of nanoseconds 
depending on how tightly 
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the coaxial fiber cable was plugged into a 
socket attached to a card inside the experi- 
ment’s master-clock computer. The card con- 
verts the light pulses into electronic signals. 
Any loose connection was supposed to stop 
the pulses from being registered, but instead 
it appears that the card allowed the delayed 
pulses to get through. So a loose connection 
during the experiment would have stamped 
neutrino pulses with arrival times suggesting 
faster-than-light travel. Although researchers 
can’t be sure the cable was loose during the 
experiment, the size of the delays involved is 
highly suggestive. 

The travel times of pulses along the fiber 
had been measured in 2008 by collaboration 
member Dario Autiero of the University of 
Lyon in France. A source familiar with the 
experiment says some researchers thought 
the measurement should have been rechecked 
before the neutrino velocity results were sub- 
mitted to a journal in November, but OPERA’s 
scientific management resisted carrying out 
such a check. (Autiero and collaboration 
spokesman Antonio Ereditato of the Univer- 
sity of Bern in Switzerland were unavailable 
for comment before this story went to press.) 

In December, the researchers finally got 
the go-ahead to test the fiber. Last week, 


45,295 nanoseconds 


neutrinos 


cable connection 


OPERA issued a written statement confirm- 


ing that the possible fiber delay, combined 
with a second potential source of error, could 
“substantially influence” the velocity results. 
This other potential error—on an electronic 
card in the oscillator used to provide the fine- 
grain timing for individual neutrino events 
between GPS pulses—would cause the stamp 
to show a later time than it should. But Lucia 
Votano, director of the Gran Sasso lab, says 
researchers consider the connection problem 
more significant. “This is the main suspicion 
because it is in the right direction for explain- 
ing the anomaly and is also bigger than the 
other effect,” she says. 

A technical report on these two possible 
sources of error is being prepared for discus- 
sion at a forthcoming collaboration meeting. 
But the final word should come in May, when 
CERN will send a high-precision pulsed neu- 
trino beam to OPERA and three other Gran 
Sasso detectors. The test will use two inde- 
pendent timing systems. “If none of these 
experiments detected the anomaly, then that 
would be definite proof that neutrinos can’t 
travel faster than light,’ Votano says. Mean- 
while, physicists in the United States will be 
measuring the speed of neutrinos sent from 
Fermilab near Chicago to the MINOS detec- 
tor in a mine in northern Minnesota. 

David Wark of Imperial College London, 
a physicist who works on the T2K neutrino 
experiment in Japan, says it was “reason- 
able” for OPERA to release its results when 
it did. “If they sit on it for [too] long, inevita- 
bly it will come out on someone’s blog, and 
they will have no control over that,” he says. 
“Instead, they said to 
the scientific commu- 
nity, “Look, we have 
something weird. Can 
you explain it?’” 

But one OPERA 
scientist believes the 
error should have been 
caught. “What’s hap- 
pened here is an accident, 
something unexpected, but 
identifying these things is 
part of the scientific proce- 
dure,” the researcher says. 
“In recent years, there has 
been too much pressure in 
science to be first. This has 
made us go faster than we 
should have done.” 

—EDWIN CARTLIDGE 


finish line 


Edwin Cartlidge is a writer based 
in Rome. 
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INFECTIOUS DISEASE 


Investigation. Pathologists here in 
Krefeld, Germany, and across Europe 
are examining lambs and other live- 
stock born dead or deformed for 
signs of the Schmallenberg virus. 


Scientists Rush to Find Clues 
On New Animal Virus 


A new animal virus first detected in Germany 
and the Netherlands late last year is taking a 
heavy toll on livestock across Europe, caus- 
ing the birth of dead or deformed animals. 
Scientists are scrambling to figure out where 
the virus has come from and exactly how it 
is transmitted. Named Schmallenberg after 
the German town where it was first detected, 
the virus has now also been found in France, 
Belgium, the United Kingdom, and most 
recently, Italy and Luxembourg. Animal 
health experts are bracing for an uptick in 
cases in the next few weeks. 

Scientists working at the Friedrich Loef- 
fler Institute (FLI), the German federal ani- 
mal health lab, first identified the novel virus 
in November 2011 in blood samples taken 
from cows that had shown a slight infec- 
tion in late summer. Now, months after the 
initial infections, more than 1400 farms 
across Europe are reporting severe symp- 
toms in newborn sheep, goats, and cows. The 
virus seems to have infected the fetuses of 
pregnant animals last summer—with cata- 
strophic consequences for the offspring that 
are becoming apparent only now. Many of 
them are born with stiff and twisted limbs, a 
curved spine, shortened tendons, and severe 
brain malformations such as hydrocephalus, 
in which parts of the brain are replaced by 
sacs filled with fluid. 

So far, most cases have occurred in sheep, 
but that might be due to their shorter gesta- 
tion period, says Thomas Mettenleiter, head 
of FLL. In the coming weeks, cows that were 


in the early stages of pregnancy last sum- 
mer and might have been infected will give 
birth. “We are worried that we will see an 
increase in the number of affected calves,” 
Mettenleiter says. 

Schmallenberg virus belongs to a group 
called orthobunyaviruses, found mainly in 
Asia, Africa, and Australia; they are usu- 
ally transmitted by midges and mosquitoes. 
The new virus most closely resembles the 
sequence of three viruses that were all iso- 
lated from cattle in Japan: Shamonda, Aka- 
bane, and Aino. They belong to a subgroup of 
orthobunyaviruses called Simbu serogroup 
that has not been seen in Europe before. “We 
know almost nothing about Schmallenberg 
virus and very little about the viruses most 
closely related to it,’ says Martin Beer, an 
expert on animal viruses at FLI. Although 
some orthobunyaviruses infect people, there 
is no evidence to date that this one does. 

Virologists say it is hard to speculate on 
the pathogen’s origin or how long it has been 
circulating in Europe without any data on 
where it is found in the rest of the world. But 
its spread is reminiscent of the bluetongue 
disease, which emerged in the same area on 
the borders of Germany, Belgium, and the 
Netherlands in 2006. “It is a very interesting 
coincidence,” says Peter Mertens, who heads 
the vector-borne viral disease program at the 
Institute for Animal Health in Pirbright, U.K. 
“We don’t know exactly how bluetongue or 
Schmallenberg arrived in Europe, but there 
are a number of hypotheses.” They could 


have come with insects imported on aircraft, 
or with an infected animal, or with cut flowers 
from Africa. Many cut flowers are imported 
into Europe from sub-Saharan Africa; to keep 
them cool they are packed at night under 
bright lights that might attract insects. “We 
know so little, we cannot rule out anything,” 
Mertens says. 

The outbreak has sparked a furious 
genome-sequencing effort to see exactly 
where the Schmallenberg virus fits into the 
Simbu subgroup and thus where it might 
have come from. Early on, scientists were 
hampered by the paucity of sequence infor- 
mation from other viruses that could be 
compared with the Schmallenberg DNA. 
For most viruses in the subgroup, only the 
smallest of the three genome segments 
had been sequenced, and for some there 
was no sequence information at all. So far, 
researchers at FLI have sequenced the com- 
plete genomes of nine related viruses pro- 
vided by the Center for Biodefense and 
Emerging Infectious Diseases at the Univer- 
sity of Texas Medical Branch in Galveston. 
But the data are “generating more questions 
than answers at the moment,” Beer says. 
“We might have to rethink the classification 
of this group.” 

To Mettenleiter, the extent of the virus’s 
spread suggests that it may have been in 
Europe for more than one season: “To spread 
over such a big area in one season is not 
impossible, but it is difficult.” He and others 
are trying to find out whether this is Schmal- 
lenberg’s second season by testing samples 
taken from animals in 2010. So far none has 
tested positive. They have also teamed up 
with entomologists from affected countries 
in Europe to identify the vector carrying the 
pathogen. Thousands of insects caught for 
other reasons are being screened for the virus; 
again, none has tested positive. 

Both efforts are hampered by the lack of 
a good diagnostic test. FLI developed a PCR 
assay that is already being used by affected 
countries, but it can detect an infection 
only while the viral DNA is in the blood— 
apparently just a few days in most cases. 
Developing an ELISA test, which detects 
antibodies against the virus, is among the top 
priorities of the labs working on Schmallen- 
berg. “We need a system that can detect ani- 
mals that have been infected at any time after 
that,” Mertens says. “Without it we are blind.” 

Schmallenberg seems to have spread 
very efficiently, affecting most animals in 
many herds. “The best guess is that this is 
insect-transmitted,’ Mertens says. “But we 
have to ask whether there are other routes 
of transmission,” such as fecal-oral trans- 
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mission between animals; it might also be 
spread as an aerosol or by direct contact 
between animals, he suggests. 

Scientists are also puzzled by the virus’s 
ability to infect the fetus without killing 
it. “It is unusual that a pathogen that kills 
mammalian cells in the petri dish can stay 
in an organism as sensitive as a fetus for 
such a long time without causing an abor- 
tion,” Beer says. He suggests that this trait 
might be the virus’s way of surviving the 


REPRODUCTIVE BIOLOGY 


winter, when no insects are around. 

With biting midges expected to take 
off again in May or sooner, animal health 
experts are preparing for the next season of 
Schmallenberg infection. Preliminary data 
from two cows show that the animals that 
had been infected earlier are immune to the 
virus. “But of course we don’t know whether 
this goes for all cows or how long this pro- 
tection will last,’ Mettenleiter says. 

Work is already under way on a vaccine. 
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At FLI, scientists are trying the classical 
approach: inactivating the virus chemically 
and adding an adjuvant. Although the vac- 
cine might be easy to produce, the rigorous 
testing demands—scientists have to be sure 
it is safe in pregnant animals—will probably 
take a long time. “It’s very unlikely that this 
will be ready this year,’ Mettenleiter says. 
“But it might be ready in 2013.” 

—KAI KUPFERSCHMIDT 
Kai Kupferschmidt is a science writer in Berlin. 


Potential Egg Stem Cells Reignite Debate 


Since 2004, reproductive biologist Jonathan 
Tilly of Massachusetts General Hospital in 
Boston has fought a relatively lonely battle 
to overturn one of the central dogmas of his 
field. Men typically produce working sperm 
as long as they live, but most textbooks say 
female mammals are born with all the egg 
cells, or oocytes, they will ever have. Tilly 
has challenged that conventional wisdom, 
arguing that in mice—and perhaps also in 
humans—there must be an ongoing source 
of new eggs. 

The proposal, it’s safe to say, hasn’t been 
warmly received by fellow reproductive 
biologists. And Tilly didn’t help his case in 
2005 when he proposed that bone marrow 
was a source of eggs in mice. (That idea 
was discredited a year later.) But this week 
online in Nature Medicine, Tilly and col- 
leagues report isolating rare cells in ovar- 
ian tissue from adult women that can grow 
in lab dishes and form immature oocytes. 

This latest claim is earning some cau- 
tious acceptance. “As an egg biologist, I’m 
9 juiced about this,” says David Albertini 
z of the University of Kansas Medical Cen- 
z ter in Kansas City. The potential egg stem 
2 cells could provide a lab-based model for 
4 understanding how oocytes develop. And 
& they may help scientists devise new ways to 
2 rescue the fertility of women who undergo 
= cancer treatments or who suffer from pre- 
3 mature menopause. 

Tilly’s battle to win over colleagues is 
far from over, however. “There is no evi- 
dence that these cells actually exist in vivo,” 
says Jock Findlay, a reproductive biolo- 
gist at Prince Henry’s Institute of Medical 
& Research in Clayton, Australia. 

Since the 1950s, reproductive biologists 
have thought that egg precursor cells stop 
dividing about halfway through mamma- 
& lian fetal development, giving a newborn 
5 female a finite number of potential eggs. A 


SPITAL 


LH' 


FOR REPRODUCTIVE BI 


VINCENT CENT! 


baby girl, for example, is born with an esti- 
mated | million oocytes. By puberty, that 
number has declined to roughly 400,000. 
During a woman’s fertile years, follicles, 
the structures that host an oocyte and help 
it to mature, are activated at a rate of about 
1000 per menstrual cycle. (Typically, only 
one mature egg is released into the fallopian 
tubes each cycle.) And once the oocyte sup- 
ply runs low, menopause begins. 


Green egg. A human oocyte derived from oogonial 
stem cells expressing green fluorescent protein. 


In 2004, Tilly and his colleagues pub- 
lished data in Nature that indicated that in 
mice, too many oocytes die during each 
menstrual cycle to sustain the supply of 
eggs for the animal’s lifetime fertility. New 
eggs, presumably from an unidentified stem 
cell, must be coming from somewhere, 
they proposed (Science, 12 March 2004, 
p. 1593). Other researchers dismissed that 
conclusion, saying the team had drastically 


overestimated the rate of oocyte death. 

Tilly persevered and in 2005, based on 
bone marrow-transplant experiments in 
mice, he and colleagues proposed in Cell 
that new oocytes might come from the mar- 
row and travel to the ovary via the blood- 
stream. A paper in Nature quickly dis- 
credited that idea (Science, 16 June 2006, 
p. 1583). In 2009, however, Tilly’s original 
idea got a boost when reproductive biolo- 
gist Ji Wu and his colleagues at Shanghai 
Jiao Tong University in China reported 
in Nature Cell Biology that they had iso- 
lated “female germline stem cells” from 
adult mouse ovaries. To prove their case, 
the team genetically modified the putative 
stem cells so that they produced green flu- 
orescent protein (GFP) and then injected 
them into the ovaries of sterilized mice. 
Those females gave birth to green-glowing 
pups, demonstrating that the injected cells 
had given rise to mature oocytes (Science, 
17 April 2009, p. 320). 

It was still not clear, however, whether 
normal fertility and reproduction depend 
on such cells—or whether they exist in 
humans. And initial attempts by other labs 
to find the mouse cells failed. Tilly says he, 
too, was frustrated at first. “I put a person 
on the protocol the day the paper was pub- 
lished. It took 10 months to get it to work. I 
still don’t know why,” he says. 

In the new paper, Tilly and his colleagues 
report that they have refined Wu’s cell- 
collection methods to isolate a more pure cell 
population from mouse ovaries. And they 
further describe fishing out similar cells from 
human ovary tissue that Yasushi Takai, who 
works at the Saitama Medical Center in Japan, 
had previously collected from six women who 
had sex-reassignment surgery. The women 
were healthy and young—between 22 and 
33 years old—and all agreed to have their fro- 
zen tissue used for the project. > 
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The cells, which Tilly calls oogonial 
stem cells (OSCs), are very rare—only 
about 1 out of 10,000 ovarian cells. The 
OSCs grow quickly in the lab, and they 
spontaneously form cells that visually and 
molecularly resemble immature oocytes. 
To find out how the cells would behave in 
an ovary, the scientists injected OSCs engi- 
neered to make GFP into a piece of donated 
human ovarian tissue and then implanted 
the tissue under the skin of a mouse. When 
they looked at the grafts 1 and 2 weeks 
later, they found immature follicles with 
green oocytes at their center. 

Finding a human version of the cells 
Wu isolated is “very exciting,” says Evelyn 
Telfer, who studies oocyte development at 
the University of Edinburgh in the United 
Kingdom. But she and Albertini note that 
the current experiments don’t address what, 
if any, role the apparent stem cells play in 
normal ovaries. And Findlay says the cells 
might be an artifact of the purification or 
culture methods the team used. Even the 
green oocytes should be viewed with cau- 
tion, as GFP-tagged cells can fuse with 
unrelated cells, says Renee Reijo-Pera, a 
reproductive biologist at Stanford Univer- 
sity in Palo Alto, California. 

The oocyte-like cells that grew from the 
human OSCs were far too immature to try 
fertilizing them, Tilly notes. And attempt- 
ing such an experiment would need spe- 
cial ethical oversight, he says. He and Telfer 
have plans to see whether her techniques for 
maturing oocytes in vitro work with OSC- 
derived cells. Whether the stem cells them- 
selves could be a source of fertile oocytes 
for in vitro fertilization attempts is doubtful, 
Albertini says. He points out that expanding 
cells in culture almost always leads to accu- 
mulation of potentially harmful mutations. 

Still, Albertini says, studying the cells 
could help researchers. “I think it’s a 
great model. It could help us move toward 
understanding how these incredible cells 
[oocytes] are born and how they develop.” 

Tilly holds a patent on the OSCs, and he 
has started a biotech company to explore 
ways to use the cells to help improve fer- 
tility treatments. The company will screen 
for compounds that encourage the cells’ 
growth and development and will test 
whether compounds in the cells might be 
able to boost the fertility of aged eggs. 
But even Tilly admits that the contro- 
versy is unlikely to settle down anytime 
soon: “Whether the cells represent what 
we believe they do? That’s going to take a 
while to weed through.” 

—GRETCHEN VOGEL 


SCIENTIFIC CAREERS 


Is Motherhood the Biggest Reason 
For Academia’s Gender Imbalance? 


A new paper by two developmental psychol- 
ogists on the dearth of women in academic 
science argues that the cause of the gender 
imbalance is much easier to identify than 
most researchers have posited. The solution 
is also more obvious, they say, although that 
doesn’t mean it will be easy to implement 
(see sidebar). Not surprisingly, their pro- 
vocative assertions, in a paper titled “When 
Scientists Choose Motherhood,” have stirred 
the pot in an already contentious field. 
Writing in the March/April issue of 
American Scientist, Wendy Williams and 
Stephen Ceci of Cornell University argue 


Family matters. Cornell psychologists Stephen Ceci 
with two of their three daughters. 


that the traditional view of female under- 
representation as a complex mixture of dis- 
crimination, differential abilities, and career 
preferences misses the mark. Instead, say the 
husband-and-wife team, the evidence from 
studies stretching back more than a decade 
points overwhelmingly to the primacy of 
“the dynamics of family formation in West- 
ern society,” or, in a word, motherhood. 
Williams and Ceci are certainly not the 
first to note that the desire to have a fam- 
ily hives off a significant fraction of women 
who have made it through graduate school 
and postdoctoral training in STEM (sci- 
ence, technology, engineering, and math- 
ematics) fields and who stand at the brink 
of an academic career. Despite their clear 
interest and talent, the authors say, women 
in their prime childbearing years are often 
forced to make a stark choice between hav- 
ing a family and pursuing a career for which 
they have trained all their adult lives. “Why 
is it that women are given one 7-year inter- 
val in which to amass a research portfolio 
and have two kids?” Williams asks, refer- 


and Wendy Williams 


ring to the typical time frame for an assistant 
professor to earn tenure at a major research 
university. “That’s crazy. Men don’t have to 
do that. It’s this societal-designed unfairness 
that’s rooted in biology.” 

Researchers from nearly every scien- 
tific discipline have spent decades examin- 
ing the reasons behind gender differences 
in math and science, from the nursery to 
the Nobel Prize. Some studies have found 
systemic bias and discrimination, whether 
deliberate or inadvertent, to be a major fac- 
tor in the imbalance. Others argue that the 
slight edge for boys in mathematical abil- 
ity among highly gifted 
students translates into 
a significant difference 
in adult success in math- 
intensive STEM fields. A 
third camp sees personal 
preferences—“working 
with people versus things,” 
as some describe it—as the 
driving force behind the 
divergent career choices by 
men and women. 

In their new article, 
which builds on a 2011 
paper in the Proceedings 
of the National Academy of 
Sciences, the authors assert that a “misdirec- 
tion” of resources toward problems that no 
longer exist has slowed progress. In particu- 
lar, they take issue with those who say that 
correcting the gender imbalance will require 
a wholesale revamping of societal atti- 
tudes toward women and a reworking of the 
nation’s educational system. What is more 
important, they say, is to change the cur- 
rent rigid system at universities of reward- 
ing academic excellence. “More flexibility 
in the early years would allow them to have 
a family and become full-fledged research- 
ers, too,” says Williams, who notes that hav- 
ing three daughters influenced the couple’s 
decision in 2005 to jump into this conten- 
tious field. “But the current system doesn’t 
let them back in.” 

It’s no surprise that an aggressive attack 
on those analyses would trigger strong rebut- 
tals from researchers who are passionate 
about the topic. In particular, many research- 
ers think Williams and Ceci have oversimpli- 
fied what they say is a very complex issue and 
selectively chosen data to bolster their case. 
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Half-Time Jobs, Full-Time Scientists 


Even if Wendy Williams and Stephen Ceci are right that the way to 
improve the gender balance is to alter the academic reward system (see 
main text), how would you do it? 

Matthew Pritchard and Rowena Lohman are accidental subjects in 
a natural experiment testing one ingredient in the authors’ recipe for 
change: half-time tenure-track slots that would allow women to be pro- 
ductive researchers while giving them more time to raise a family. The 
arrangementis so rare at top-tier U.S. research universities that there are 
no data, only anecdotes. Even so, the couple’s experience raises ques- 
tions about whether the approach can be scaled up. 

Since 2007, the husband-and-wife volcanologist and earthquake 
specialist at Cornell University have split a tenure-track slot—and one 
salary—within the department of earth and atmospheric sciences (EAS). 
They are taking advantage of the relatively low cost of living in Ithaca, 
New York, to carve out coequal careers. Pritchard, now 37, joined the 
faculty in 2003, and 4 years later the university hired Lohman, now 36, 
after agreeing to divide the position. The arrangement has allowed them 
to start a family—the couple has a 21/2-year-old daughter and is expect- 
ing a second child in July—while continuing to be productive members 
of a top-rated department. 

It is a sweet deal for the department. Despite earning a half-time sal- 
ary, the couple figure they work pretty much full-time. “We don't view 
ourselves as half-time,” Lohman says. “We're basically each half-time 
teaching and half-time research.” As an example, Lohman stayed out for 
only a week after the birth of her daughter, and the infant was a con- 
stant presence within the department. “Never once did anyone complain 
about her crying,” Lohman recalls with gratitude about her colicky child. 

At the same time, Lohman sees a psychological benefit in holding a 
part-time position. “I think we're under less stress,” Lohman says. “When 
my daughter is sick, and | have to pick her up from [on-campus] day care, 
| don’t worry about taking the time off. And even if we're not working any 
less, the perception is that we're a little more relaxed.” 

Although Pritchard officially went part-time in 2007, he was still able 
to meet the requirements for tenure within the traditional 6-year win- 
dow. Lohman will be up for review in the summer of 2013 after request- 
ing a 1-year extension. Still, she feels her productivity is nearly indistin- 
guishable from that of any full-time faculty member. 

Pritchard and Lohman are actually the third couple in the EAS depart- 
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On the job. Their daughter, Jeanne Roanne, is no stranger to the department 
where Matthew Pritchard and Rowena Lohman split a tenure-track position. 


ment currently splitting a single tenured position. Hearing about the two 
older couples during his initial job interview helped to convince him that 
such an arrangement could work, Pritchard says, as well as sending the 
message that the department is very family-oriented. 

But some academics see a downside to modifying the traditional ten- 
ure process. Although Cornell geoscientists seem comfortable with split 
tenure positions, the option is rarely exercised by other departments and 
colleges within the university. In fact, it took 2 years for higher-level uni- 
versity administrators to sign off on the deal for Pritchard and Lohman. 
“I'm not sure why there was a delay, but the dean told us it was part of a 
larger issue and not about us,” Pritchard explains. 

In fact, some on campus had objected on the grounds that employing 
Lohman at 50% of the regular faculty salary was a form of discrimina- 
tion against women and made her a second-class citizen. “| think that’s a 
narrow perspective,” says Teresa Jordan, who pioneered the arrangement 
30 years ago with her geologist husband, Richard Allmendinger, and 
who was department chair at the time. “For every young woman taking 
the job at 50% salary, there’s a man doing the same thing.” 

Jordan says the ruckus surrounding the hiring of Lohman could well 
make it harder for department chairs to win approval for split positions 
even if new faculty members request the arrangement. And if that’s the 
case at a place with a track record of success, then a university without 
any such history may be wary of taking the plunge. -j.D.M. 


“There are many reasons why women 
are not succeeding at the same rate as men 
in academic math-related fields,” says Diane 
Halpern, a prominent scholar on sex differ- 
ences and cognitive abilities and a psycholo- 
gist at Claremont McKenna College in Cal- 
ifornia. Although she agrees that “tenure 
and biological clocks run in the same time 
zone,” she questions how Williams and Ceci 
can place motherhood above the other fac- 
tors, especially when those factors don’t lend 
themselves to a quantitative comparison. 

Halpern, a former president of the Amer- 
ican Psychological Association, was lead 
author of a widely cited 2007 paper that took 
a sober look at the science of sex differences. 
“People were very unhappy with us when we 
concluded that lots of things are very impor- 


tant,” she notes. “They said, ‘So you mean 
you don’t really know?’ But our response 
was, ‘That’s the answer.’” 

Donna Nelson, a chemistry professor at 
the University of Oklahoma, Norman, has 
spent 2 decades collecting data on hiring and 
promotion practices among U.S. research 
universities. She says she’s worried that 
Williams and Ceci are making the same mis- 
take that they accuse their critics of making: 
putting all their eggs in one basket. 

“T think this article does have merit, 
for a subset of women, during one part 
of their lives,” Nelson says. “However, it 
has not uncovered a problem which, when 
solved, will create an equal environment for 
women.” Nelson says it would be unfortu- 
nate if departments “were to invest millions 


of dollars in things like in-house daycare 
centers” only to find that such investments 
improved conditions for “a relatively small 
number of women.” 

At the same time, most researchers 
applaud Williams and Ceci for shining a light 
on an issue important not just to U.S. aca- 
demic science but also to the country’s eco- 
nomic well-being. And they welcome their 
call to action. “There has to be a sense that 
the outcome—more women in math-related 
fields—is desirable,” Halpern says. “There 
also has to be people willing to stand up 
and speak out on their campuses. Academia 
is really the only profession where people 
are faced with this early up or out. And it’s 
incredibly expensive to lose talented people.” 

—JEFFREY MERVIS 
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EPIDEMIOLOGY 


Overhaul of U.S. Child Health Study Concerns Investigators 


A controversial health study of 100,000 
U.S. children that has struggled for years 
hit another rough patch last month when 
the National Institutes of Health (NIH) 
announced that it may modify its sampling 
plan in 2013 to save money. NIH officials 
also surprised academic researchers who 
run some early study sites by telling them 
last week that they will soon be replaced 
with a new contractor. 

The two changes have upset National Chil- 
dren’s Study (NCS) investigators, who fear 
that scientific quality will be compromised— 
and that shrinking the study’s geographical 
footprint could erode political support. Sev- 
eral study investigators say that NCS seems 
to be scrapping its 6-year partnership with the 
academic community. “The news is devastat- 
ing,” says Maureen Durkin of the University 
of Wisconsin, Madison, whose directorship 
of an NCS site in Waukesha County will end. 
“It’s disheartening to see the lost opportunity 
for children’s health, and the vast investment 
that the country has made in the NCS now 
being frittered away.” 

NCS Director Steven Hirschfeld says 
the original academic contractors like 
Durkin should not have expected to remain 
with the study through its lifetime. He said 
in an e-mail that the contractor—not yet 
named—will help NIH study how to “tran- 
sition” a site to a new contractor “in the 
event that it is needed.” NIH’s goal, he says, 
is to “configure the entire study so that it 
can conduct high-level science in a fiscally 
prudent manner.” 

Alan Guttmacher, director of the National 
Institute of Child Health and Human Devel- 
opment (NICHD), which is managing the 
project, acknowledges that NIH’s new sam- 
pling plan is causing “angst” among inves- 
tigators. But he says the strategy will still 
yield a group of 100,000 children “very 
broadly representative of the American pop- 
ulation.” And NIH won’t go forward with all 
the changes until it has examined the “scien- 
tific tradeoffs,” he says. 

Requested by Congress 12 years ago, 
NCS aims to study links between envi- 
ronmental factors and child health by fol- 
lowing 100,000 children from before birth 
to age 21. Early in planning, NCS lead- 
ers decided to recruit pregnant women by 
knocking on household doors in a statisti- 
cal sample of 105 U.S. sites (mostly sin- 
gle counties)—a costly approach but the 
gold standard in epidemiology because it 


yields results that apply to all U.S. chil- 
dren, including diverse ethnic, socioeco- 
nomic, and geographic groups (Science, 
10 December 2004, p. 1883). 

Three years ago, when only 510 pregnant 
women had been recruited at seven “van- 
guard” sites and the study’s cost had doubled 
to a projected $6 billion, NIH replaced NCS’s 
leadership and began pilot-testing other ways 
to recruit subjects at 30 more sites, such as 


“It would still be very broadly 
representative of the American 


population.” 
—ALAN GUTTMACHER, NICHD 


going through health care providers to find 
pregnant women. By the end of last year, 
the 37 vanguard sites had recruited a total of 
about 6700 families, including 2200 babies. 
But NIH has now decided that even that 
approach is too expensive. Instead, for the 
main part of the study, NIH proposes to cut 
$28 million (15%) from NCS’s $193 mil- 
lion budget, possibly by recruiting women 
through providers that participate in health 
plans. This would be cheaper and easier “but 
would abandon the geographic based prob- 
ability sample,” according to an NIH bud- 
get document. The resulting sample would 
be “robust” for studying biological relation- 
ships but affect the “generalizability of some” 
socioeconomic relationships, NIH says. 
Guttmacher says by turning to large pro- 
viders such as health maintenance organi- 
zations (HMOs), NCS could take advan- 


tage of electronic health records and the 
“voluminous data points on participants” 
they would yield. But some planned recruit- 
ing sites may disappear. “It doesn’t neces- 
sarily mean we’re going to go to all 105 of 
[the original] sites. It means we’re going to 
include the vast population of the United 
States, but we may be in different geo- 
graphic areas,” Guttmacher says. “We still 
need to figure out what the right number 
will be and the locations.” 

This plan has NCS investigators wor- 
ried. Epidemiologist Nigel Paneth of Mich- 
igan State University in East Lansing says 
that if NCS recruits only through HMOs, 
“it will be very hard to create a nationally 
representative sample” because those pro- 
viders inevitably underrepresent certain 
groups, such as the poor. “We do need a 
probability sample,” says sociologist Bar- 
bara Entwisle of the University of North 
Carolina, Chapel Hill, who agrees with 
Paneth. “To me it’s premature to choose” 
the sampling strategy, she adds. 

Researchers are also concerned about 
Guttmacher’s suggestion that the main 
study may not take place at the original 105 
sites, where investigators have spent years 
building community participation. This has 
made recruitment easier and has helped 
secure funding from Congress, Paneth sug- 
gests: “What possible advantage is there to 
lose all that goodwill?” 

Already reeling from the change in sam- 
pling plan, NCS investigators were stunned 
to learn from the NCS program office 
late last week that the seven initial van- 
guard centers will be turned over to a sin- 
gle contractor this summer. Hirschfeld told 
researchers on an NCS conference call that 
30 or so other vanguard centers with con- 
tracts that end in the next 18 months could 
also be “transitioned” to a new contractor. 
Researchers expressed concerns about how 
the handover will affect scientific input into 
the study, relationships with participants, 
and the handling of follow-up visits and 
biological samples. “It was hard news,” says 
Entwisle, who told her seven-person Duplin 
County team Friday that their project will 
soon end. 

Some NCS researchers are discussing 
whether to take their concerns to the broader 
scientific community or perhaps Congress. 
“Our concern is the quality of the science,” 
Paneth says. 

-JOCELYN KAISER 
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Fury inthe 
Microbiology Lab 


He's imaginative, rebellious, and often disdainful. Above all, France's 
most productive microbiologist loves a good fight 


MARSEILLE, FRANCE—Didier Raoult has 
come a long way, even though he hasn’t 
really strayed far from home. As an unruly, 
rebellious teenager in this port city with a 
reputation for toughness, Raoult was sus- 
pended from high school several times. But 
today, at 59, he’s the most productive and 
influential microbiologist in France, leading 
a team of 200 scientists and students at the 
University of Aix-Marseille, here in the city 
where he came of age. He has discovered or 
co-discovered dozens of new bacteria, and 
in 2003, he stunned colleagues with a virus 
of record size, dubbed Mimivirus, the first 
member of a family that sheds an intriguing 
new light on the evolution of viruses and the 
tree of life. 

But Raoult hasn’t lost his edge. Long- 
haired and tall, his piercing eaglelike eyes 
sometimes cloud over in an expression of 
apparent fear, and he has a sense of provoca- 
tion that many find irritating. Controversial 
and outspoken, Raoult last year published a 
popular science book that flat-out declares 
that Darwin’s theory of evolution is wrong. 
And in an episode reminiscent of his teen- 
age days, he was temporarily banned from 
publishing in a dozen leading microbiology 
journals in 2006, an episode that still enrages 


him. Raoult likes to say that “life is full of 
sound and fury,” in a reference to the novel 
by William Faulkner—and in his case, it’s 
true. “If my wife hadn’t been a psychiatrist, I 
would be even crazier,” he says. 

Raoult’s craziness may be a key element 
to his success. “He’s very imaginative, a very 
hard worker, and very enthusiastic,” says 
Jér6me Etienne, dean of the medical fac- 
ulty at the University of Lyon and a longtime 
collaborator and friend. Despite its mam- 
moth size, scientists at Raoult’s lab say they 
wouldn’t want to work anywhere else. “He’s 
my boss because he’s one of the greatest 
microbiologists in the world,” says Philippe 
Brouqui, who has conducted research under 
Raoult for more than 20 years. 

Yet Raoult is also known for his enmities 
and his disdain for those who disagree with 
him. “People don’t like to talk about him 
because he has a lot of influence. He can make 
life hard for you,” says one of several French 
researchers contacted by Science who would 
only talk about Raoult if they could remain 
anonymous. “Few of his science colleagues 
will find the thought of another profile story 
about him particularly appealing,” geneti- 
cist Jean-Michel Claverie of Aix-Marseille 
University—who severed ties with Raoult in 


2006 after a 5-year collaboration—wrote in 
an e-mail to Science. 


A magical period 

Raoult’s career has always been tightly linked 
to Marseille, a city where his family settled 
when he was 8 and whose rough-and-tumble 
reputation matches his character. He trained 
as a physician and obtained a Ph.D. in human 
biology here; in 2004, he would name a rick- 
ettsia species, Afipia quartiernordensis, in 
honor of Quartiers Nord, a local neighbor- 
hood of ill repute. 

Rickettsias, intracellular Gram-negative 
bacteria transmitted by ticks, fleas, lice, and 
acarids, have become Raoult’s specialty. 
He worked on a disease called Mediterra- 
nean spotted fever, or Marseille fever, and 
studied typhus for 6 months at the National 
Naval Medical Center in Bethesda, Mary- 
land. When he came back to Marseille in 
1984, the university president offered him 
an assistant professorship. He combined his 
work as a physician with basic research and 
the development of new diagnostic meth- 
ods. In 1987, Raoult’s lab became France’s 
national reference center for rickettsias, 
and in 1988, a collaborating center for the 
World Health Organization for arthropod- 
transmitted bacteria. 

He owes many of his discoveries to well- 
chosen collaborations. From heart valve 
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samples provided by cardiologists in Lyon, 
for instance, he managed to isolate Cox- 
iella burnetii, a bacterium already known 
to cause a zoonosis transmitted by cattle, 
goats, and sheep called Q fever. He showed 
that C. burnetii was also involved in endo- 
carditis, an inflammation of the inner layer 
of the heart. He went on to discover several 
other microbes that cause endocarditis. “One 
of the keys to Raoult’s success is his ability 
to make bacteria grow where others fail,” 
says Michel Drancourt, who has worked in 
Raoult’s group since 1984. 

When the genomics revolution arrived, 
Raoult jumped to apply it in microbiology. 
In 1992, he bought his first DNA sequencing 
machine and started to fish for typical bacte- 
rial sequences in various samples with the aim 
of identifying new species. He sees “meta- 
genomics,” the analysis of microbial DNA in 
environmental samples such as seawater or 
soil, as a window on entirely new worlds in 
microbiology. “We’re in a magical scientific 
period, an era of discoverers,” he says. 


Fatherly spirit 

One afternoon in August, during the ritual 
Friday meeting, a young Ph.D. student in 
Raoult’s genomics group delivers a 10-minute 
talk about the sequence of a newly isolated 
bacterium. Raoult listens intently and then, in 
a warm voice, tells her how to proceed with 
the research. The Asian woman nods shyly. 
The other students of the group—many of 
them non-French as well—appear to be lis- 
tening with deference. 

“For foreign students, Raoult’s lab is 
a springboard [to a career],” says micro- 
biologist Patricia Renesto of Joseph Fourier 
University in Grenoble, who spent several 
years in Raoult’s lab and admires him. “The 
flip side is that he controls everything. He 
can behave odiously,” she adds. “Raoult has 
that fatherly family spirit, which some peo- 
ple don’t understand,” Brouqui says. 

After the meeting, back at his office, 
Raoult boasts that the newly isolated 
microbe was one of 225 different bacterial 
species found in a single stool sample from 
Dakar. “The world record was 80 species. 
We beat it by a factor of two and a half,” 
he says. “Half of those species have never 
been isolated from the gut before, and 21 are 
completely unknown.” 

Raoult’s entire opus appears to be writ- 
ten in big numbers. A recent PubMed search 
showed him as an author on more than 1400 
papers, including the description of more 
than 60 new bacterial species and one new 
bacterial genus, which Drancourt named 
Raoultella. But some scientists grumble that 


manuscripts out of Raoult’s lab often contain 
errors, for instance, as a result of unchecked 
genetic sequences. 

Indeed, problems ina paper about a mouse 
model for typhus got his lab in hot water in 
2006. A reviewer for Infection and Immu- 
nity, a journal published by the American 
Society for Microbiology (ASM), discov- 
ered that four figures in a revised manuscript 
were identical to figures in the original man- 
uscript, even though they were supposed to 
describe a different experiment. 

In letters to ASM, made available by 
Raoult, second author Christian Capo and 
last author Jean-Louis Mége, a group leader, 
accepted “full responsibility” for the prob- 
lem, which they said involved only two fig- 
ures. Capo, in his letter, wrote that he had 
made an innocent mistake; Mége wrote that 
Capo had subsequently failed to show the 
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Big surprise. Raoult’s team initially mistook the 
giant Mimivirus (illustration), discovered in a 
cooling tower, for a bacterium. 


revised manuscript to other authors, who 
were on vacation, before resubmitting it. But 
after consulting its ethics panel, ASM banned 
all five authors, including Raoult, from pub- 
lishing in its journals for a year. “We are not 
entirely comfortable with the explanation 
provided,” ASM officials wrote to Mége. 
“Misrepresentation of data ... is an affront 
to the ethical conduct of scientific inquiry.” 
Capo and Mége accepted the decision, 
but Raoult wrote ASM that he wasn’t at 
fault and that the “collective punishment” 
was “very unfair.” He appealed the ban, also 
on behalf of two other co-authors, but lost. 
Furious, he resigned from the editorial board 
of two other ASM journals, canceled his 
membership in the American Academy of 
Microbiology, ASM’s honorific leadership 
group, and banned his lab from submitting 
to ASM journals, in which he had published 


more than 230 studies. His name has been 
on only two ASM journal papers since, both 
published in 2010. To clear his name, Raoult 
sent his ASM correspondence to French col- 
leagues in 2007, along with a letter defend- 
ing himself. “If I had been in the United 
States, I would have sued,” he wrote. 

Still, the affair does not appear to have 
dented Raoult’s career. From 2013 onward, 
he will head a new government-funded aca- 
demic medical center of excellence that will 
combine the expertise of various research and 
medical agencies in infectious and tropical 
diseases in Marseille. 


Charlatans 

Despite his long career in bacterial research, 
Raoult has become best known for the dis- 
covery of giant viruses. The story began in 
the late 1980s, when Timothy Rowbotham, 
a bacteriologist at the Public Health Labora- 
tory in Leeds, U.K., isolated amoebae that 
had Legionella bacteria living inside them. In 
one amoeba, Rowbotham discovered another 
putative bacterium that he could not identify. 

He later sent the amoeba collection to 
Richard Birtles, a Ph.D. student in the United 
Kingdom.Alwaysinterestedinnewmicrobes, 
Raoult invited Birtles to come work in Mar- 
seille. Even there, the unknown amoeba 
resident initially defied identification— 
until the team looked at it using an electron 
microscope. It was not a bacterium at all but 
a novel virus bigger than any known virus. 
With a diameter of 700 nm—including its 
hairy crown—Mimivirus was also stuffed 
with a genome of 1.2 million DNA base 
pairs, six times bigger than any known DNA 
virus and bigger than some bacteria. Genetic 
comparisons showed that the unusual virus 
belonged to the group of nucleocytoplasmic 
large DNA viruses, which also includes the 
poxviruses. Raoult baptized it Mimivirus, 
short for “mimicking microbe,” and the new 
family Mimiviridae. 

Mimivirus turned out to have an interest- 
ing genome. An analysis performed with 
Claverie’s team showed that it includes genes 
involved in DNA processing and protein pro- 
duction that were until then considered to 
be unique to living organisms. The finding 
revived the old debate about viruses’ place in 
the tree of life, and Raoult has now staked out 
a strong position (see sidebar, p. 1035). But 
David Moreira of the University of Paris-Sud 
in Orsay says Raoult is out of his depth: “He 
has a tendency to throw himself into a field he 
doesn’t know well.” 

Some scientists argue that the same is 
true for epidemic modeling, a field that has 
seen tremendous growth but which Raoult 
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Giant Viruses Revive Old 
Questions About Viral Origins 


Where did viruses come from? And are they alive? Didier Raoult’s 2004 
discovery of the Mimivirus—and several other giant viruses identified 
since then—has brought those questions, debated for a century, back to 
the scientific fore. 

When viruses were discovered in the early 20th century, some scien- 
tists saw them as the missing link between the inanimate world and liv- 
ing organisms—a group that predated and perhaps gave rise to cells. But 
genetic data collected later supported an opposing view, in which viruses 
emerged from pieces of genetic material and other molecules broken out of 
cells; they would evolve further by stealing more genes from cellular organ- 
isms. This view suggests that viruses aren't part of the tree of life but are an 
ever-changing sideshow to its three domains: the Archaea, Bacteria, and 
Eukarya. In 2000, the International Committee on Taxonomy of Viruses offi- 
cially declared that viruses are not alive. 

The genetic makeup of the Mimivirus has challenged this view. The 
viral giant is endowed with many genes encoding the enzymes that repair 
DNA, correct errors occurring during its replication, produce mRNA tran- 
scripts from genes, and translate those mRNAs into proteins. These so-called 
informational genes had so far been considered hallmarks of living things. 
Known viruses hijack the products of these genes from the cells they infect 
to replicate; the Mimivirus genes had never been found in viruses before. 
Based on the genome, Raoult and others have concluded that this class of 
virus has likely inherited its giant genome from an ancient viral ancestor 
endowed with the entire protein-translation machinery rather than picking 
up the genes piece by piece. 

Not everybody was convinced. In 2008, David Moreira of the University 
of Paris-Sud in Orsay and his colleagues published an analysis showing that 
126 Mimivirus genes have counterparts in cellular organisms, which they 
said supported the view that, despite its extreme size, Mimivirus has evolved 
by picking up genes here and there. 

Raoult stuck to his guns, and in a paper published in 2010 proposed 
a theory that went further: Not only does Mimivirus belong in the tree of 
life, but nucleocytoplasmic large DNA viruses (NCLDVs), the class to which 
it belongs, trace their origin to the very beginning of life on Earth, forming 
a fourth domain alongside the three well-established ones. His view was 
based on a phylogenetic analysis of eight DNA-processing genes shared by 
NCLDVs and the three known branches of life, in which the NCLDVs’ versions 
seemed to form a separate cluster. 

But constructing such phylogenies reaching back eons is tricky business, 
because similarities in genes don’t always reflect shared ancestry; the same 
DNA sequence may have arisen independently in genes of different origins, 
a process called convergent evolution. In a paper published in June 2011, 
a team led by Eva Heinz of Newcastle University in the United Kingdom 
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F Even bigger. Megavirus chilensis (left) 
strengthened the case that giant viruses 
share a common ancestor. Didier Raoult 
believes they form a fourth domain, 
pictured here in magenta in a drawing 
from his lab. 


repeated Raoult’s analysis but used dif- 
ferent models of evolution that take this 
phenomenon into account. In their phylo- 
genetic trees, the fourth domain evaporated, and the NCLDV genes were 
spread out over the other branches of life. 

For now, Raoult’s position in this debate has few supporters. But the 
idea that giant viruses share ancient common ancestors was bolstered by 
a paper published in the Proceedings of the National Academy of Sciences 
last October by Jean-Michel Claverie of the University of Aix-Marseille— 
once Raoult’s collaborator but no longer on speaking terms with him. 
Claverie recently isolated Megavirus chilensis, a virus distantly related to 
Mimivirus but even bigger, off the coast of Chile. In the paper, he reported 
that Megavirus shares 53% of its genes with Mimivirus; of seven genes 
encoding key steps in protein translation, four have a homolog in Mimivirus 
and had never been found in a virus before. “This rules out the scenario 
whereby those genes were acquired independently by both viruses, ” Claverie 
says. Even Moreira says the paper won him over for a common viral ancestor 
between the two viruses. 

Edward Holmes, a virus evolution specialist at Pennsylvania State Uni- 
versity, University Park, notes that ongoing fishing expeditions for new 
viruses—not just the giant ones—are likely to resolve the origins of these 
infectious agents. “It's naive to say that we understand the history of the 
evolution of viruses based on current samples,” Holmes says. “There may be 
undiscovered viruses on our planet, some completely novel.” -C.M. 
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has repeatedly attacked as useless. Epidemic 
modelers are “charlatans,” he says. “There 
are zero examples in infectious diseases 
of something that has been predicted by 
a model.” 

And then there is his popular science 
book Dépasser Darwin (Beyond Darwin). 
“Darwin was a priest,” Raoult says, claiming 
that the image of the tree of life that Darwin 
proposed is inspired from the Bible. “It also 
is too simplistic.” Raoult questions several 
other tenets of modern evolutionary theory, 
including the importance of natural selection. 
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He says recent discoveries in genetics show 
how frequently genes are exchanged not just 
between different microbial species but also 
between microbes and complex organisms, 
for instance, in the human gut. That means de 
novo creation of entirely new species is pos- 
sible, Raoult argues, and Darwin’s branching 
tree of life should be replaced by a network 
of interconnected species. 

“Tt’s dangerous to say those things,” says 
Moreira, who worries that Raoult is provid- 
ing creationist groups with ammunition. “He 
goes a bit too far,” says Eugene Koonin, an 
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evolutionary biologist at the National Center 
for Biotechnology Information in Bethesda. 
“Darwin’s theory is relevant but is incom- 
plete. It does not apply to the evolution of 
microorganisms.” 

Raoult says he doesn’t really care what 
other people think, and he relishes the con- 
stant storm around him. “An amazing thing 
I discovered when J arrived in Marseille was 
that the people there are fighters,” he recalls. 
It’s why he feels at home here. For Raoult, 
the fights never stop. -CATHERINE MARY 
Catherine Mary is a writer in Caluire, France. 
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Despite recent claims of advanced intelligence in animals, researchers still debate 
how to test whether their abilities reflect humanlike cognition 


LONDON AND CHICHELEY—It seems that 
hardly a week goes by without a new report 
about animals performing marvelous feats 
we once thought only humans could do: 
Crows make tools, chimpanzees seem to 
mourn their dead, and rats supposedly 
empathize with one another’s pain. 

Charles Darwin, were he alive today, 
might approve this trend. “The difference in 
mind between man and the higher animals,” 
he wrote in The Descent of Man, “... is one 
of degree and not kind.” For many research- 
ers, the new evidence represents a welcome 
shift from behaviorist paradigms often 
associated with psychologist B. F. Skinner, 
which denied nonhuman species anything 
approaching advanced cognition (Science, 
25 January 2008, p. 404). Yet recently, some 
researchers have been pushing back against 
attributing humanlike qualities to other ani- 
mals without considering cognitively sim- 
pler explanations. 

This more skeptical contingent was 
present in force at two recent back-to-back 
meetings’ sponsored by the Royal Society 
in London and Chicheley. At both, research- 
ers explored what animals are really doing 
when they engage in seemingly complex 
behaviors, rather than reported still more 


“Animal minds: from computation to evolution,” 
London, 16-17 January, and “Theories of minds: the 
theoretical bases of comparative cognition,” Chicheley, 
18-19 January. 


discoveries of their impressive abilities. 
“There’s an arms race to identify the most 
clever animals,” Lars Chittka, an animal 
psychologist at Queen Mary, University of 
London, said at the London meeting. “But 
what are we trying to demonstrate?” 

Attempts to measure the gap between 
human and nonhuman minds have become 
like a “party game,” said experimental psy- 
chologist Cecilia Heyes of the University 
of Oxford in the United Kingdom. Some 
researchers blamed the news media, and 
even some scientists, for exaggerated inter- 
pretations of animal behavior. “People in 
the field often gravitate into two camps,” 
Daniel Dennett, a philosopher at Tufts Uni- 
versity in Medford, Massachusetts, told 
Science. “There are the romantics,” those 
who are quick to see humanlike traits in ani- 
mals, “and the killjoys,” who prefer more 
behaviorist explanations. “I think the truth 
is almost always in the middle.” 


Crinkly bananas 

Ina talk at the London meeting titled “Simple 
Minds,” Heyes argued that many researchers 
discount associative learning—the expecta- 
tion that two events, for example, a stimu- 
lus and reward, are connected. Heyes argued 
that this type of learning is ubiquitous among 
both animals and humans and remains a “con- 
tender” when interpreting animal experi- 
ments. As a case study, Heyes critiqued a 


Sharing the wealth. Chimps aren't 
quick to help each other but may 
do so under some conditions. 


paper on chimp altruism pub- 
lished last year in the Proceed- 
ings of the National Academy 
of Sciences. Researchers have 
been hard put to show that 
chimps have much desire to help 
each other out; unlike humans, 
they seem to do so only when 
pressured or pleaded with rather 
than spontaneously. 

In the study, led by prima- 
tologists Victoria Horner and 
Frans de Waal of Emory Uni- 
versity in Atlanta, chimps were 
given a choice between two 
different colored tokens. One 
color prompted the human 
experimenter to give a banana 
to both the subject chimp and 
another chimp in an adjacent 
enclosure whereas the other 
color resulted in food for the first chimp only. 
Chimps showed a significant preference for 
the token that led to a banana for both them- 
selves and their partners. The team con- 
cluded that chimps are more altruistic than 
usually given credit for. 

But Heyes pointed out that the bananas 
were wrapped in crinkly paper, so chimps 
could both hear and see when the partner 
got a reward. She suggested that the chimps 
may have begun to like the sound of the 
crinkly paper, “just as Pavlov’s dogs got to 
like the sound of a bell.” Thus they might 
have opted for the color choice that yielded 
a double shot of the noise. 

Psychologist Sara Shettleworth of the 
University of Toronto in Canada says she 
“totally agrees” with Heyes’s reserva- 
tions, and even Horner calls the arguments 
“thought-provoking.” But Horner argues 
that the chimps got only one reward no mat- 
ter “how many rustling papers they heard.” 
Had associative learning been the primary 
mechanism operating, she says, the chimps 
would not have preferred one token color 
over another. 

Although researchers still debate what’s 
behind the behavior of close human rel- 
atives such as chimpanzees, there was 
wide agreement with points made at the 
Chicheley meeting by cognitive scientist 
Derek Penn of the University of Califor- 
nia, Los Angeles. His talk, titled “Animals 
Aren’t People,” included a blistering cri- 
tique of a 9 December 2011 Science paper 
(p. 1427) that claimed that rats are capable 
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of empathy—or, as Science’s online news 
coverage headlined the story, “Rats Feel 
Each Other’s Pain.” 

In the study, neurobiologist Peggy 
Mason of the University of Chicago in Ili- 
nois and her colleagues trapped one rat ina 
small plastic restrainer that could be opened 
only from the outside; trapped rats gave 
alarm calls roughly 20% of the time. A sec- 
ond, free rat was placed nearby, and it soon 
learned to free its compatriot by opening the 
door. Free rats did not open the door when 
the trap was empty. The authors concluded 
that the helping rat reacted empathically to 
the distress of its fellow. 

But Penn argued that the team hadn’t 
shown that either rat was truly in distress. 
The team didn’t perform at least one other 
important control, he said: using trapped 
rats that were not distressed. Playing vid- 
eos of the experiments to the meeting, he 
pointed out that once the door was open, the 
free rat entered the trap and explored it with 
the trapped rat, suggesting that being in the 
trap was not that stressful. 

Mason, who was not at the meeting, 
counters that once the trap was open, it 
became “an object to be explored, and in 
fact rats might prefer it to staying out in 
the open.” As for the lack of an unstressed 
control rat, Mason says the team now has 
an experiment under way suggesting that 
the more anxious the trapped rat, the more 
helping behavior is evoked. She agrees that 
rats probably are not aware of one another’s 
mental states, as humans are, but says the 
behavior her team observed is the “rodent 
homolog of empathy.” 

Nevertheless, Penn argued that this and 
many other recent papers suffer from what is 
called “folk psychology”: interpreting ani- 


Cache as catch can. Scrub jays hide food more often if they are aware 
that another bird has been watching them. 
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mal and human behavior 
in “commonsense” rather 
than strictly scientific 
terms. Folk psychology, 
Penn said, gives animals 
humanlike reasons for what 
they do, such as “the rats 
helped free their cagemates 
because the caged rats were 
feeling scared.” 

Penn’s talk evoked mur- 
murs of agreement in the 
meeting room. “Our folk 
psychological labels carry 
a lot of specifically human 
baggage,” Dennett says, 
“which can be gradually 
jettisoned as we come to 
understand other ways of 
accomplishing many of the same basic cog- 
nitive tasks.” 


Do birds have theory of mind? 

Are there alternative ways of explain- 
ing remarkable animal feats? A talk in 
Chicheley by cognitive scientist Rineke 
Verbrugge of the University of Gronin- 
gen in the Netherlands explored that ques- 
tion in the case of birds such as rooks and 
jays. Recent findings suggest that these 
birds can make tools and understand 
the mental states of others, often called 
“theory of mind’”—behavior once reserved 
for humans. 

Research suggests that the western 
scrub jay is no “birdbrain” cognitively, for 
example. In work by Nicola Clayton of 
the University of Cambridge in the United 
Kingdom and colleagues, the jays appear to 
plan for the future by caching food where 
it is most likely to be needed later. And in 
an elegant 2006 Science 
paper (16 June, p. 1662), 
Clayton’s team showed 
that these birds might 
even have theory of mind. 
The team found that the 
jays alter their caching 
behavior—for exam- 
ple, moving food, called 
recaching—if other birds 
are watching. Because 
jays routinely steal one 
another’s caches, this 
raises the possibility that 
the birds are aware of one 
another’s mental state. 

In her talk, Verbrugge 
described computational 
modeling work carried 
out by graduate student 
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Feeling his pain? A study concluding that rats have empathy for one 
another came under fire at the meeting. 


Elske van der Vaart, which was published 
online this week in PLoS ONE. Van der 
Vaart created “virtual scrub jays” whose 
behavior was governed by simple behavioral 
rules. In the model, the birds recached more 
when they were stressed, for example, by 
the presence of another bird, especially one 
more dominant in the pecking order. The 
model also took into account the scrub jays’ 
superb memories. 

Van der Vaart’s simulations closely dupli- 
cated the behavior of real scrub jays. “Their 
model fits some of the data really well,” says 
psychologist Amanda Seed of the Univer- 
sity of St. Andrews in the United Kingdom. 
“Even better, it provides some testable pre- 
dictions,” such as that boosting birds’ stress 
levels should spark more recaching. 

Clayton agrees that the model “provides 
a powerful explanation for some of the stud- 
ies,’ but she argues that it leaves some data 
unexplained, a point Heyes also makes. For 
example, Clayton’s team showed that “it takes 
a thief to know a thief”: Jays that have previ- 
ously pilfered others’ caches are more likely 
to recache themselves. Van der Vaart’s model 
does not explain that result, but theory of 
mind could. Further experiments are needed, 
Clayton says, and she and the Groningen team 
are now discussing collaborating on them. 

Van der Vaart and colleagues empha- 
size that they haven’t proved that scrub 
jays don’t have theory of mind, only that 
theory of mind is not necessary to produce 
the findings. Indeed, meeting attendees dis- 
cussed at length where the burden of proof 
should lie: on those who claim animals have 
more advanced, or less advanced, cognition. 
“Part of me hopes they will prove the model 
wrong,” Van der Vaart says. “But I think it’s 
important to exclude as many simpler expla- 
nations as possible.” —MICHAEL BALTER 
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MINERAL RESOURCES 


Is the World Tottering on 
The Precipice of Peak Gold? 


Seventeen-hundred-dollar-an-ounce gold is driving a mining frenzy, but analysts are 
concerned that miners can’t extract gold any faster than they have the past decade 


Gold miners are worried. In the past 40 years, 
they’ve seen a slew of developments favor- 
ing their business. Gold’s price has risen so 
that on average it’s been worth several times 
what it was. Investment in the search for 
new gold deposits doubled and then doubled 
again, making gold more intensively sought 
after than any other metal or mineral group. 
Technologists have come up with better and 
cheaper ways to find and extract gold. And 
gold mining has spread throughout the planet. 

And yet worldwide, production of the glit- 
tering element has hardly budged in the past 
decade. It’s not for lack of demand. Gold 
may not fuel economies the way oil does, but 
gold for jewelry—its primary use—has been 
much in demand, and that demand will likely 
increase. Investors’ interest could be intense 
for years longer. But to judge by the mining 
industry’s modest success of late in finding 
new deposits of gold, production will not be 
much higher in the next decade. 

Miners and analysts agree that most of 
the easy-to-find, easy-to-develop gold has 
been found. To discover still-hidden depos- 
its and at least maintain production, let 
alone increase it, miners will need contin- 
ued high or even higher gold prices, revolu- 
tionary new technology, and the cooperation 
of often reluctant host countries. 

“Tt’s a huge amount of new [gold] depos- 


its that has to be found,” says resource geo- 
chemist Stephen Kesler of the University of 
Michigan, Ann Arbor. “That is an issue of 
considerable concern” because no one wants 
to see the world’s first mineral resource peak 
anytime soon. 


A golden age 

The times may be challenging in gold min- 
ing, but you don’t have to go back to Cali- 
fornia’s ’49ers to find an exuberant heyday 
for gold. In a 2010 article, three experts— 
Tommy D. McKeith, vice president for explo- 
ration and development for Gold Fields Ltd. 
in Perth, Australia; Richard Schodde, man- 
aging director of MinEx Consulting Pty. Ltd. 
in Melbourne, Australia; and Ed Baltis of 
Gold Fields, Perth—pointed to a confluence 


“¥ bE 


Objects of desire. Demand for gold jewelry 
and for gold:as an investment has driven up 
prices.and fueled exploration. 


of forces in the 1970s and ’80s that drove an 
eventual doubling of production. 

First of all, in 1971, governments stopped 
fixing their currencies to gold at a price of 
$35 an ounce ($185 in 2009 dollars). As the 
unleashed gold price rose through the 1970s 
toward a 1980 peak above $1500 an ounce, 
so too did investment in exploration for gold. 
Exploration expenditures soared in the 1980s 
by an order of magnitude, never again falling 
below double the spending of the 1970s. 

Technical and scientific breakthroughs 
fed gold mining fever as well. Recognition of 
new types of gold deposits—such as the Car- 
lin deposits of Nevada, which have no visible 
gold grains—aided exploration. So did new 
technology, from more-sensitive sample anal- 
yses that detect low levels of gold to orbiting 
satellites that use spectra to map promising 
mineral terrains. New, cheaper gold-extrac- 
tion techniques—such as leaching gold from 
heaps of ore with a cyanide solution—made 
ores worth mining even when they contained 
less than a gram of gold per ton of rock. 

By the 1980s and especially in the 1990s, 
those changes greatly broadened the gold 
mining club. They made the United States, 
Australia, and China major producers in a 


c 
< 
n 
2 
5 
Q 
n 
n 

3 
3 
a 
2 
= 
iS} 
< 
n 
a 

S 
a 
° 
58 
2 
5 
2 
oo 
Qo 
a 
on 

2 
n 
o 
< 
+; 
> 


Africa. They also drew in more than a dozen 
new countries. And production soared. From 
a low of 1200 metric tons of gold in 1975, 
the industry’s output more than doubled to 
2600 tons in 2001. 


End of an age 

The exuberance of the 1980s and ’90s has 
definitely cooled, and now it is tinged with 
anxiety. Production immediately began drop- 
ping from its 2001 record high to a low of 
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Big mining. Part-per-million gold ores require 
large-scale operations (note people in red, center). 


2260 tons in 2008. Miners have since clawed 
their way back to record-equaling production, 
spurred by gold prices rocketing to the (infla- 
tion-adjusted) levels of 1980. 

That resurgence isn’t hearten- 
ing gold miners much, though, 
because their best indicator of 
future production—the amount 
of gold discovered in the past 
10 years or so—is showing no 
signs of life. As he reported at the 
2011 NewGenGold Conference in Perth last 
November (http://www.minexconsulting. 
com/publications/nov201 1b.html), Schodde 
has compiled reports of the amounts of 
gold discovered per year from 1950 to 
2010 (see figure). Using history as a guide, 
he increased the size of recent discoveries 
to account for the inevitable growth in the 
apparent size of a newly discovered deposit 
as geologists explore it. 

By Schodde’s reckoning, gold discoveries 
peaked in the 1980s. That presumably led to 
the 2001 production peak. Since the 1980s, 
discoveries have been something like 20% 
lower. Is that enough to sustain production 
over the next decade or two? “Yes,” Schodde 
says, “but it’s a struggle, it really is.” A bol- 
stered exploration effort has been yielding 
meager returns; the average gold content 
of ore mined has steadily fallen by a factor 
of 4 since 1979. So to produce an ounce of 
gold, four times the tonnage of rock has to be 
moved and processed. 

The golden age seems to be over. “It’s 
becoming harder and harder to find” gold, 
concludes minerals analyst Michael Chender, 
CEO of Metals Economics Group in Halifax, 
Canada. “There’s a general sense that most 
of what’s easily available has been found and 
picked up.” Andrew Lloyd agrees; the indus- 
try “has increased exploration, but they’re 
not finding a lot of new deposits, especially 
the large ones,” says the spokesperson for the 
world’s largest gold mining company, Barrick 
Gold Corp., headquartered in Toronto, Can- 
ada. “The industry as a whole is really strug- 
gling to keep up with demand.” 


Pause or peak? 

How the struggles of the gold mining indus- 
try will play out depends on whose crystal ball 
you are consulting. Those who have been pre- 
dicting that the world’s production of oil will 
shortly peak, if it hasn’t already done so, are 
pessimistic about gold’s prospects as well. 
Applying a standard peaking analysis to the 
history of gold production, retired oil geolo- 
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gist Jean Laherrére concluded in 2009 that 
2001 was the peak and that production would 
soon plummet. 

Some analysts and explorationists are 
considerably more optimistic. They point to 
the three production peaks in the 20th cen- 
tury, each of which was followed 
by a higher peak. Each time, the 
gold price went up, new territory 
opened to mining, or new tech- 
nology made it easier to find or 
process gold ore. “I’m sure we’ll 
discover something in the next 
10 years that will change the pic- 
ture,” Kesler says. A can-do spirit goes with 
the turf, says resource geochemist Gavin 
Mudd of Monash University, Clayton, in 
Australia. “It’s never say never” in the min- 
ing industry, he notes. “Part of this business 
is the business of hope.” 

Others come down on a middle ground. 
“Our view is that mine supply is not likely to 
increase from present levels,’ Barrick’s Lloyd 
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almost half of those discoveries were deposits 
now exposed at the surface by erosion. Even 
the generally optimistic Kesler “cannot think 
of any major processing, mining, or explora- 
tion method that is very recent in appearance” 
that could help out anytime soon. 

While these “belowground” issues loom 
large, the aboveground ones are looking 
equally daunting. Getting all the required 
permits for a new mine is taking longer, 
miners say. Resource economist Keith Long 
of the U.S. Geological Survey in Tucson, 
Arizona, has found that in the United States 
it has taken on average 7 years from request- 
ing a permit to opening a mine. Remote sites 
in Alaska or deposits in a country new to 
large-scale mining can take much longer. 
And overseas, the big global mining com- 
panies must delicately, and slowly, navigate 
the tricky political and social waters of the 
countries holding the remaining gold. 

Litigation further stretches out the devel- 
opment process and increases costs. The 
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Up, up, and level. Record amounts of gold found in the 1980s let world production rise until 2001. 
Since then, production has been essentially flat. (“Unspecified” is an estimate.) 


says. Schodde, too, sees another decade, at 
least, of more or less unchanging gold produc- 
tion. That would be reminiscent of the “undu- 
lating plateau’ of recent world oil production 
(Science, 3 February, p. 522). Shifts in price 
or demand or the politics in a producing coun- 
try might swing annual production up or down 
for a few years, but over a decade or so the 
supply would be little changed. 

Gold plateauists tend to see greater chal- 
lenges in gold production now than ever 
before, but no good solutions in the offing. 
For example, all the exploration innovations 
of the past 50 years have not let geologists find 
deposits any deeper in Earth’s crust. Hot, briny 
solutions deposited gold not at the surface but 
several kilometers below it. But Schodde finds 
that the depth to gold deposits discovered in 
virgin territory has averaged a mere 30 meters 
in each of the past 5 decades. In every decade, 
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gold mining industry produces hundreds of 
millions of tons of waste rock a year and uses 
tons of cyanide, Mudd notes. The mass of 
potential pollution is already increasing as 
the grade of gold ores has declined, he has 
found. “The big constraints [on gold pro- 
duction] will be environmental and social,” 

Mudd believes, “not so much discoveries.” 
Gold, mined as it has been for 6000 years, 
may be a harbinger of production challenges 
in other metal industries. Analysts often 
mention economically essential copper as 
another element encountering mining con- 
straints. But trends in mineral discovery 
in general suggest to Kesler that “we are 
approaching some sort of wall in materials 
to support our way of life.” So watch gold’s 
price and production figures for clues to how 
close the world may be to the first such wall. 
—-RICHARD A. KERR 
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Editors Note 


Adapting by 
trade-off 


BOOKS | FORUM | 


WE THANK READERS FOR THE MORE THAN 120 COMMENTS IN RESPONSE TO THE NEWS FOCUS 
story “Saudi universities offer cash in exchange for academic prestige” (Y. Bhattacharjee, 
9 December 2011, p. 1344). The comments cover a range of opinions, some of which are 
reflected in the letters printed below, on issues critical to the future of science in Saudi Arabia 
and the region. We encourage you to peruse the comments, available at http://comments. 


sciencemag.org/content/334/606 1/1344. 


Saudi University Policy: 
King Saud Response 


KING SAUD UNIVERSITY (KSU), THE PROGRAMS 
of which were discussed in the 9 December 
2011 News Focus story by Y. Bhattacharjee 
(p. 1344), is the largest institution of higher 
education in the Kingdom of Saudi Arabia. 
Over decades, KSU has invested in scholar- 
ships, personnel, and infrastructure. In recent 
years, KSU has recruited over 700 faculty 
members, 345 researchers, and 323 foreign 
graduate students (bringing the total to 5626 
faculty and 5851 graduate students). KSU has 
benefited from government research funds, 
including US$2.1 billion 
for science and technol- 
ogy, and has established a 
number of centers, insti- 
tutes, research chairs, and 
satellite labs in Germany, 
France, and Canada. Since 
then, KSU has experi- 
enced a surge in research 
outcomes (1254 articles 
indexed in the Institute for 
Scientific Information in 
2010) concurrent with a 
50-fold increase in patents, 
the launch of four spin-off 
companies, investment of 
US$1.3 billion of endow- 
ments, and the creation 
of the 1.6-million-square- 
meter Science Park. 


King Saud University. 


COLIN NORMAN AND JENNIFER SILLS 


KSU has been ranked among world- 
class universities since 2008. The increase 
in research papers published in 2010 was 
documented in all literature databases, not 
only those considered by rankings. More- 
over, KSU faculty members, researchers, 
and students have contributed substantially 
to KSU research that has been published in 
databases that are not indexed by the Insti- 
tute for Scientific Information (ISI). 

KSU applies best practices for inter- 
national collaborations through different 
programs, including the Distinguished Sci- 
entist Fellowship Program and the Visit- 
ing Professor Program. Both programs are 
common initiatives in top universities, set 
as KSU_ benchmarks 
according to KSU Strat- 
egy 2030. 

KSU views inter- 
national collaborations 
such as those described 
in the News Focus story 
as a means to share 
knowledge, accelerate 
development, and meet 
demand for academic sci- 
entists to serve new ini- 
tiatives. These collabo- 
rations provide opportu- 
nities and high potential 
for research excellence. 
KSU has brilliant faculty 
and will expand inter- 
national collaborations. 
Future expectations are 


EDUCATION FORUM | 


PERSPECTIVES 


very high, and the coming years will witness 
landmark achievements in knowledge pro- 
duction for the benefit of Saudi Arabia and 
the world. 

ABDULAZIZ A. AL-KHEDHAIRY 
Assistant Vice Rector, Graduate Studies and Research 


(Research Affairs), King Saud University, Riyadh 11451, 
Saudi Arabia. E-mail: kedhairy@ksu.edu.sa 


Saudi University Policy: 
King Abdulaziz Response 


KING ABDULAZIZ UNIVERSITY (KAU) IS FLAT- 
tered to receive international attention 
regarding its ambitious efforts to recruit sci- 
entific talents. Nevertheless, the title of the 
News Focus story “Saudi universities offer 
cash in exchange for academic prestige” 
(Y. Bhattacharjee, 9 December 2011, p. 1344) 
gave the wrong impression of a newly estab- 
lished program at KAU, which aims to fur- 
ther enhance its scientific research activities 
through the integration of visiting professors 
at the institution. 

We appreciate the interviews with visit- 
ing professors Neil Robertson (Ohio State 
University) and Ray Carlberg (University of 
Toronto), in which they explained the real 
theme of our program. 

KAU is clearly making a sound strate- 
gic business investment for the future of our 
country. Moreover, our program is not dif- 
ferent from those in many elite universities 
around the world from which top scientists 
continue to receive attractive offers. 

KAU had started a program in March 
2010 in mathematics under which several 
top-notch mathematicians visited KAU and 
gave courses on topics of current research, 
collaborated in publishing research papers, 
began writing two books, and launched Bul- 
letin of Mathematical Sciences (published 
by Springer). This program was extended 
to all disciplines by involving other dis- 
tinguished visiting professors more inten- 
sively in research projects of mutual inter- 
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Amphibians 
under threat 


est to KAU faculty. The contracts made with 
highly cited scientists are on the basis of 
part-time or full-time work. 

In this way, KAU is definitely not buying 
research publications for the sake of ranking. 
KAU would never sacrifice its reputation in 
order to obtain false rewards; neither would 
the elite scientists collaborating with the insti- 
tution accept such an unethical proposition. 

ADNAN ZAHED 
Vice President for Graduate Studies and Scientific Research, 


King Abdulaziz University, Jeddah 21589, Saudi Arabia. 
E-mail: azahed@kau.edu.sa 


Saudi University Policy: 
Meaningful Cooperation 


THE NEW FOCUS STORY “SAUDI UNIVERSITIES 
offer cash in exchange for academic prestige” 
(Y. Bhattacharjee, 9 December 2011, p. 1344) 
gives the impression that King Abdulaziz 
University (KAU) and King Saud University 
(KSU) are paying researchers from presti- 
gious institutions, most of them listed in the 
highly cited researcher list of the Institute for 
Scientific Information (ISI), for putting their 
name with their affiliation in Saudi Arabia 
into the ISI Web page and on their publica- 
tions. The article claims that this is done 
regardless of whether the work involved any 
meaningful collaboration with KAU or KSU 
researchers. This impression is wrong. 

Iam a member of the Distinguished Sci- 
entist Fellowship Program (DSFP) at King 
Saud University. I received an e-mail 3 years 
ago offering me a part-time position includ- 
ing a real, research-oriented, joint project 
with a corresponding budget for personnel 
and equipment. I received this project granted 
by DSFP a year later and now I have another 
project granted by King Abdulaziz City for 
Science and Technology on the order of half 
a million euros. I am now a part-time profes- 
sor at KSU. My KSU colleague, Omar Al- 
Dossary, has since participated in every 
experiment we have conducted at the Ber- 
lin Electron Storage Ring for Synchro- 
tron Radiation (BESSY) of the Helmholtz- 
Zentrum Berlin, as well as the experiments 
at the Free-Electron Laser at the German 
Electron Synchrotron (DESY) in Hamburg. 


Selective 
signaling 


Next year, a female student of Al-Dossary’s, 
Mashaal Al Khaldi, will join my group at the 
Fritz-Haber-Institute in Berlin. This is an 
effort to strengthen the still relatively weak 
scientific community in Saudi Arabia, a ven- 
ture undertaken by many eminent scientists 
from around the world. I believe that my 
experience is true for many other scientists 
involved in cooperative activities with Saudi 
Arabia. We should appreciate these efforts, 
as they help the Arabic countries to survive. 

UWE BECKER 


Fritz-Haber-Institut der Max-Planck-Gesellschaft, 14195 
Berlin, Germany. E-mail: becker_u@fhi-berlin.mpg.de 


Saudi University Policy: 
Overvalued Rankings 


| READ WITH GREAT INTEREST THE NEWS 
Focus Story “Saudi universities offer cash 
in exchange for academic prestige” (Y. 
Bhattacharjee, 9 December 2011, p. 1344) 
on the practices used by Saudi universities to 
boost their academic rankings. Just as 
with fellow astronomer Bob Kirschner, 
I received an e-mail out of the blue 
last June from someone I didn’t know, 
offering me an adjunct professorship 
at King Abdulaziz University (KAU). 
Attached to the e-mail was a contract 
for a year, extendable for a second year. 

Despite the strange way that the 
offer was made, I was enthusiastic ini- 
tially. According to the e-mail, I was 
expected to visit Jeddah for 1 or 2 weeks in 
the year, “build up a research group (can be 
discussed later),’ do 4 months of work for 
KAU, and add KAU as a second affiliation 
to my “ISIHighlyCited.com” Web page. The 
offer was extremely attractive financially. 
They would pay me $6000 per month for a 
year. In addition, they would provide me with 
a startup research grant of $80,000. 

When I called the university to request 
more details, it became clear to me that the 
key reason for the offer was not a desire to 
strengthen my research field at KAU, but 
solely the fact that I happen to be included in 
ISIHighlyCited.com. This is a database that 
lists the 250 most-cited scientists for each 
of the 22 major subfields of science. Several 


Nobel prize—winning astronomers are not 
included, and I doubt whether Albert Einstein 
would ever have made it onto the list. Never- 
theless, ISIHighlyCited.com is an important 
ingredient for the Shanghai Jiao Tong Uni- 
versity rankings, regularly quoted by such 
publications as the Economist and News- 
week. The Shanghai rating is important read- 
ing for civil servants, ministers, philanthro- 
pists, and potential students throughout the 
world. It was clear to me that the new KAU 
adjunct professorship program is designed to 
boost the ranking of the university artificially 
by paying highly cited researchers to “sell” 
their affiliation. 

I believe passionately that astronomy can 
be a unique tool for capacity building and 
global development. Hence, if I had thought 
that by accepting the KAU offer, I could have 
helped to build up astronomy in Jeddah or 
within Saudi Arabia, I would have welcomed 
the opportunity. Given the circumstances, I 
reluctantly felt compelled to decline the offer. 

Three months later, in a quick browse 
through the astronomy/space sciences section 
of the ISI Highly Cited Web pages, I counted 
nine prominent astronomers newly affili- 
ated to the KAU. This outnumbers ISI Highly 
Cited astronomers at the University of Cam- 
bridge in the UK by 50% and exceeds that of 
any European university. 

I do not blame KAU or the Saudi authori- 
ties for setting up such a program. The nae 


lem is the ridiculous system of university 
rankings, which is exacerbated by the naivety 
of decision-makers who take these univer- 
sity rankings so seriously. The situation is 
extremely damaging for academia because 
the university ranking metrics are often used 
as the basis for policy-making and funding. 
University ranking tables can also be seen 
ina wider context—namely as part of the con- 
stant pressure to be accountable, to produce, 
and to be “the best in the world.” The Saudi 
action illustrates the danger of fostering such 
a competitive, target-based approach in all 
walks of life. The distorting, sometimes coun- 
terproductive, effects of such a philosophy 
are obvious in areas as diverse as the targeted 
reduction of hospital waiting lists, published 
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rankings of schools, pressure on traffic war- 
dens to dole out a specific number of parking 
tickets, and bonuses for bankers that sell large 
numbers of irresponsible mortgages. 

We deceive ourselves by insisting that 
everything can be measured and quantified 
and that economic accountability should be 
the most important criterion driving society. 
How do you measure the cost-effectiveness 
of inspiring a young child with the excite- 
ment of the Universe? GEORGE MILEY 
Department of Astronomy, Leiden Observatory, Univer- 


sity of Leiden, Leiden, NL-2300 RA, Netherlands. E-mail: 
miley@strw.leidenuniv.nl 


TECHNICAL COMMENT ABSTRACTS 


Comment on “Phonemic Diversity 
Supports a Serial Founder Effect 
Model of Language Expansion from 
Africa” 


T. Florian Jaeger, Daniel Pontillo, Peter Graff 
Atkinson (Reports, 15 April 2011, p. 346) argues that 
the phonological complexity of languages reflects the 
loss of phonemic distinctions due to successive founder 
events during human migration (the serial founder 
hypothesis). Statistical simulations show that the type 


| error rate of Atkinson's analysis is hugely inflated. The 
data at best support only a weak interpretation of the 
serial founder hypothesis. 

Full text at www.sciencemag.org/cgi/content/full/335/ 
6072/1042-a 


Response to Comment on “Phonemic 
Diversity Supports a Serial Founder 
Effect Model of Language Expansion 
from Africa” 


Quentin D. Atkinson 


Jaeger et al. use statistical simulations to show that the 
serial founder effect analysis | reported has an inflated 
type | error rate. Crucially, however, their simulations 
also reveal that the strength of the observed relation- 
ship between phonemic diversity and distance from 
Africa is unlikely to be due to chance, even accounting 
for multiple comparisons and geographic clustering of 
phonemic diversity. 


Full text at www.sciencemag.org/cgi/content/full/335/ 
6072/1042-b 


CORRECTIONS AND CLARIFICATIONS 


Reports: “Protein native-state stabilization by placing aro- 
matic side chains in N-glycosylated reverse turns” by E. K. 
Culyba et al. (4 February 2011, p. 571). The authors inad- 
vertently used the prejump equilibrium temperature to 
extract WW domain folding and unfolding rate informa- 
tion from the apparent rate constant data and in fitting the 
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extracted folding rates as a function of temperature to Kram- 
er’s model. The postjump temperature differs by ~12°C. The 
corrected absolute folding and unfolding rates for each WW 
variant differ by less than twofold from those values reported 
originally. The corrected portion of Table 1 appears above. 
The beginning of the sixth sentence in the penultimate para- 
graph of the main text should read as follows: “Glycoprotein 
g-WW-F, T folds three times faster and unfolds at an indis- 
tinguishable rate relative to its nonglycosylated counter- 
part....” In the supporting online material, corrections have 
been made to table $3 and figs. $11 to $18. These changes 
do not affect the conclusions of the paper. 
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upon receipt. Whether published in full or in part, 
Letters are subject to editing for clarity and space. 
Letters submitted, published, or posted elsewhere, 
in print or online, will be disqualified. To submit a 
Letter, go to www.submit2science.org. 
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Comment on “Phonemic Diversity 
Supports a Serial Founder Effect Model 
of Language Expansion from Africa” 


T. Florian Jaeger,** Daniel Pontillo,? Peter Graff? 


Atkinson (Reports, 15 April 2011, p. 346) argues that the phonological complexity of languages 
reflects the loss of phonemic distinctions due to successive founder events during human 
migration (the serial founder hypothesis). Statistical simulations show that the type | error rate 
of Atkinson's analysis is hugely inflated. The data at best support only a weak interpretation 


of the serial founder hypothesis. 


tkinson (/) presents evidence for the 
A= founder hypothesis that the sound 

structures of languages across the globe 
reflect a succession of founder events throughout 
human migration. Based on the hypothesis that 
“phoneme distinctions are more likely to be lost 
in small founder populations,” Atkinson derives 
the prediction that the number of different sounds 
distinguished in a language (its phonemic diver- 
sity) should decrease with increasing migration 
distance to the geographical origin of language. 

Because the point of origin of language is 
unknown, Atkinson pursues the search for the 
origin and the test of the serial founder hypoth- 
esis jointly. For 504 nonextinct languages from 
(2-5), he calculates the “total normalized pho- 
neme diversity” as a standardized measure of each 
language’s phonological complexity [see our sup- 
porting online material (SOM), section 1]. To test 
the serial founder hypothesis while simultaneous- 
ly controlling for a previously documented pop- 
ulation size effect (6), as well as nonindependence 
between languages due to genetic relations, he 
employs linear mixed models. Specifically, pho- 
nemic diversity is modeled as a linear combina- 
tion of (log-transformed) population size, migration 
distance to the hypothesized point of origin, and 
the interaction of these two variables, while ad- 
justing for genetic relations between languages 
(random intercepts for language family, subfamily, 
and genus) (SOM, section 2). 

To determine the most probable point of 
origin, separate linear mixed regressions are fit 
for each of 2560 coordinates on the globe cor- 
responding to known locations of extinct or non- 
extinct languages (2). Atkinson finds that the best 
model fits are obtained for coordinates in south- 
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west Africa. His result is replicated in Fig. 1A, 
obtained using the same methods as in (/) but 
based on an updated database with 2677 language 
coordinates (2) [see figure 2A in (/)]. Atkinson 
then reports the best-fitting model, which exhibits 
the predicted negative correlation between pho- 
nemic diversity and migration distance to the 
origin (P < 0.00003). This highly significant ef- 
fect in the predicted direction, together with the 
clustering of likely origins in southwest Africa, 
seems to lend strong support for the serial founder 
hypothesis. 

However, as we show below, Atkinson’s 
analysis suffers from a severely inflated type I 
error rate due to repeated tests on the same data. 
In three statistical simulations, we find that 
Atkinson’s results only support a weak inter- 
pretation of the serial founder hypothesis. 

Simulation 1 (SOM, section 4.1) randomly 
reassigned the 504 languages to language co- 
ordinates within language families (the top-level 
grouping structure reflecting genetic relationships 
between languages). For example, languages from 
the Niger~Congo family were randomly reassigned 
to coordinates of languages from the Niger-Congo 
family. For each of 10,000 simulation samples, we 
determined the best fit out of the 2677 possible 
origins, following the same procedure applied 
to the original data by Atkinson. The predicted 
significant negative effect of migration distance 
on phonemic diversity is found in 100% of the 
10,000 random simulation samples. Even effects 
as strong as those observed by Atkinson are 
found in 9.8% of our simulation samples. As in 
the original analysis, all best-fit origins lie in 
southwest Africa (Fig. 1B). Moreover, for each 
individual fit, the same clustering of likely origins 
as in the original data is observed (fig. $3). This 
shows that, contrary to a literal interpretation of 
the serial founder hypothesis, the effect observed 
by Atkinson is independent of the distance of in- 
dividual languages to the origin. As long as the 
centers of language families order geographically 
as in the original sample, the predicted effect is 
obtained. This result is, however, compatible with 
a weaker hypothesis: The effect of repeated found- 


ing events might only be detectable if aggregated 
over long periods of time. In that case, the effect 
is only expected to be visible at the family level 
(i.e., on data aggregated over language families), 
which is observed in simulation 1. 

To assess how likely it is that the effect at the 
family level is due to chance, simulation 2 (SOM, 
section 4.2) employed a hierarchical sampling 
procedure: For each simulation sample, language 
families were randomly reassigned to coordinates 
around the globe, and languages were randomly 
reassigned conditionally on the geographical cen- 
ter of their language family (languages in the same 
family have a strong tendency to cluster geograph- 
ically). We found the effect of migration distance 
in the predicted direction for 20.7% of 10,000 
samples. This type I error rate is substantially 
higher than the conventionally accepted 5%. Un- 
surprisingly, the most probable origins in simu- 
lation 2 were more uniformly distributed around 
the globe than in simulation 1, although, inter- 
estingly, the highest proportion of likely origins 
was again found in Africa (Fig. 1C). This suggests 
that coordinates in Africa are a priori more likely 
to be associated with better fits, not because of 
the origin and direction of human migration but 
because of any or all of the following: (1) prop- 
erties of the World Atlas of Language Structures 
data employed by Atkinson (2-5), such as the 
distribution of language coordinates across the 
globe; (ii) the fact that genetically related lan- 
guages (which tend to share linguistic properties, 
including phonemic diversity) tend to cluster 
geographically; (111) the geography of the globe; 
and (iv) the constraint that intercontinental mi- 
gration routes have to pass through the five way- 
points shown in Fig. 1A. Simulation 3 (SOM, 
section 4.3) further suggests that geographic 
clustering of most probable origins is obtained 
even in the absence of (ii), although not neces- 
sarily in Africa. 

Despite the inflated type I error rates, simu- 
lation 2 finds support for the weak interpretation 
of the serial founder hypothesis: Effect sizes as 
large as or larger than those reported by Atkinson 
are observed in only 0.11% of all simulation sam- 
ples. Although the resulting estimate for an ad- 
justed significance level of the distance effect is 
two orders of magnitude larger (less significant) 
than the P value reported by Atkinson, it is still 
significant (P < 0.002). As detailed in the SOM 
(section 5), this estimate should be taken to be a 
lower bound (i.e., a best-case scenario for Atkinson). 

In conclusion, the literal interpretation of 
Atkinson’s serial founder hypothesis is not sup- 
ported by Atkinson’s data. The data are, however, 
compatible with a weaker interpretation of the 
serial founder hypothesis, although it is unclear 
whether the effect would remain significant un- 
der more realistic simulations. There is, nonetheless, 
reason to be optimistic about the prospect of 
future evaluations of the serial founder hypoth- 
esis: The approach taken here could be used to 
determine what type of data would be needed 
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Fig. 1. (A) Model quality by hypothesized 
point of language origin. Colors indicate 
model quality in terms of the model's de- 
viance compared to a model without the 
distance predictor. The best fit is indicated 
by an asterisk. The solid black dots mark 
the five waypoints that intercontinent mi- 
gration routes are assumed to pass through 
[see table $4 in (2)]. (B) Illustration of the 
distribution of likely origins found in sim- 
ulation 1. Points correspond to possible points 
of origin. Color indicates the percentage of 
simulation samples for which the hypothe- 
sis that the coordinates of the point are the 
point of origin yielded a significant effect 
of migration distance. The coordinates for 
which significant effects were observed most 
frequently are indicated by asterisks (all with- 
in 0.1% of each other). (C) Illustration of 
distribution of likely origins found in simu- 
lation 2 (see SOM for details on simulations). 
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to convincingly test the serial founder hypothesis. 
For example, simulations could determine how 
many language families with how many languages 
are required. Similarly, simulations could shed 
light on the question from which geographical re- 
gions more language data are most urgently needed 
to answer questions about the origin of language. 
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Response to Comment on “Phonemic 
Diversity Supports a Serial 

Founder Effect Model of Language 
Expansion from Africa” 


Quentin D. Atkinson’:2* 


Jaeger et al. use statistical simulations to show that the serial founder effect analysis | reported 
has an inflated type 1 error rate. Crucially, however, their simulations also reveal that the strength 
of the observed relationship between phonemic diversity and distance from Africa is unlikely to 
be due to chance, even accounting for multiple comparisons and geographic clustering of 


phonemic diversity. 


subject to a serial founder effect like that ob- 

served in population genetics (/). I show 
that global variation in phonemic diversity is 
clinal and, like our genetic diversity, fits a serial 
founder effect model of expansion from Africa. 
Although there is reason for caution when in- 
terpreting any such correlational finding, | show 
in the paper that this result is robust in the face 
of alternative explanations, including the impact 
of geographic variation in modern demography 
(speaker population size, area, and density), lan- 
guage density, postglacial expansion, and statisti- 
cal nonindependence due to relatedness between 
languages. 

In their commentary, Jaeger et al. (2) raise a 
further concern. They use a range of statistical 
simulations to evaluate the type | error rate ofa 
serial founder effect analysis like the one I report. 
Although they find an inflated type 1 error rate, 
Jaeger et al.’s simulations also elegantly demon- 
strate that a relationship between phonemic di- 
versity and distance from Africa as strong as that 
observed in the real data is unlikely to be due to 
chance. 

Jaeger et al. report the results of three sim- 
ulations using different methods to randomly or 
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semirandomly reassign languages to locations 
around the globe. The logic behind this approach 
is that if language locations are shuffled around 
the globe, a serial founder effect analysis should 
only infer a significant geographic cline in ~5% 
of samples (the standard type 1 error rate), be- 
cause any global geographic patterning in the 
data should have been removed by the location 
reassignment. 

Simulation | randomly assigns language lo- 
cations within language families. This is an un- 
usual approach to testing for type 1 error, because 
the test being conducted is on a global sample of 
languages and the simulated data preserves the 
global pattern of diversity between families. De- 
tecting a global effect of distance from the origin 
in this case is not a type I error, and all such sim- 
ulations still show the significant effect of distance 
from Africa preserved across language families. 

Simulations 2 and 3 are more useful for as- 
sessing type | error rates. In simulation 3, lan- 
guages are simply randomly shuffled around the 
globe, whereas simulation 2 shuffles language 
locations with the constraint that sets of related 
languages (the recognized language families) 
should cluster together in a manner similar to 
the clustering we observe in the real data (2). 
Using a random sample of 1000 of these simu- 
lated data sets (3), a serial founder effect analysis 
finds a significant global decline in phonemic 
diversity with distance from origin in between 
15% (simulation 3) and 20% (simulation 2) of 
samples, suggesting an inflated type 1 error rate 


when searching for a clinal pattern from anywhere 
on the globe. Many of these cases would not, 
however, have constituted clear support for a se- 
rial founder effect, because for the simulated data 
the strongest relationship with distance from all 
putative origins often shows a positive slope, 
contrary to the predictions of the model. Removing 
these cases leaves 18% (simulation 2) and 12% 
(simulation 3) of the samples. Between 1.5% (sim- 
ulation 3) and 2.5% (simulation 2) meet these 
criteria and show the strongest relationship with 
distance from a putative origin in Africa—that 
is, the simulations imply that between 1.5% and 
2.5% of the time, we would find support for a 
significant cline from Africa by chance. 

What we really want to know, however, is the 
probability of finding an effect of distance from 
any origin by chance that is at least as large as the 
effect we observe in the real data. The Dunn-Sidak 
correction for significance offered by Jaeger et al. is 
inappropriate because the tests being conducted 
are not independent. However, Jaeger et al.’s sim- 
ulations allow us to answer the question. Among 
the sample data sets run under both simulation 
2 and simulation 3 (and a further simulation with 
increased geographic clustering reported in their 
supporting online material), between 0.2% and 
0.5% show a relationship with distance from any 
of the 2667 possible origins that is as strong as 
the relationship we observe between distance 
from Africa and the actual global distribution of 
phonemic diversity. Jaeger et al.’s simulations 
therefore demonstrate that despite inflated type 
1 error rates, the pattern we observe in the data is 
unlikely to have occurred by chance (P < 0.005), 
even accounting for the multiple comparisons 
being made and the geographic clustering of 
families with similar phonemic inventories. 

Jaeger et al.’s work shows the utility of 
simulation-based approaches to significance 
testing and suggests that caution is needed when 
interpreting the results of serial founder analy- 
ses. The type | error rates inferred here are specific 
to this data set and do not necessarily apply to 
other applications of a serial founder analysis, but 
it would be interesting to test their generality. 
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EVOLUTION 


Contemplating Some Big Shifts 


Douglas H. Erwin 


arly in John Maynard Smith and Eérs 
Hines 1995 book The Major 

Transitions in Evolution (1), the 
authors discuss why the origin of ecosystems 
is not included among their major evolution- 
ary transitions: e.g., the origins of chromo- 
somes, eukaryotes, sex, multicellular orga- 
nisms, and social groups. Because ecosystems 
are not individuals, and hence cannot be units 
of selection, and moreover are 
essentially eternal rather than 
being “‘a final stage in a series,” 
Maynard Smith and Szathmary 
argue that they do not repre- 
sent major evolutionary transi- 
tions. Despite the considerable 
and well-justified influence 
of the book, this emphasis on 
the evolution of information 
transmission has always made 
the authors’ discussion seem 
incomplete. The enumerated transitions were 
doubtless critical events in the history of life, 
but without the evolution of various systems of 
metabolism (particularly oxygenic photosyn- 
thesis), none of the rest would have occurred. 
Similarly, while the origins of eukaryotes and 
sex involved the generation of new evolution- 
ary entities—and may have required resolving 
conflicts between selection among, for exam- 
ple, symbionts within a eukaryotic cell and 
the cell itself—the eukaryotic cell also created 
new realms of adaptive space and evolution- 
ary opportunities. 

Maynard Smith and Szathmary’s book 
was very influential, shaping debates among 
biologists, philosophers, and others inter- 
ested in the ongoing controversy over lev- 
els of selection and the nature of evolution- 
ary individuals. Nonetheless, the debate has 
always seemed incomplete to those of us 
concerned about the ecological and environ- 
mental facets of these major evolutionary 
transitions: How did the changing redox of 
oceans and atmosphere during the Protero- 
zoic influence the expansion of eukaryotes, 
for example, once they had evolved? What 
ecological and evolutionary factors account 
for the success of many social species? The 
origin of a new trait is one thing; its success 
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in the evolutionary play is quite another. 
Many of the issues raised by Maynard 
Smith and Szathmary have been the subject 
of considerable study, and controversy, since 
1995. Brett Calcott and Kim Sterelny’s The 
Major Transitions in Evolution Revisited, 
generated from a workshop at the Konrad 
Lorenz Institute for Evolution and Cognition 
Research in Vienna, summarizes and extends 
many of these debates, ably 
addressing evolutionary transi- 
tions in information as well as 
major evolutionary transitions 
in the broader sense. Thus the 
importance of mediating con- 
flict between evolutionary 
individuals at different levels 
within a hierarchy has been a 
central issue in the debates, 
and Richard Michod discusses 
his considerable work using 
Volvox to study conflict, cooperation, and 
conflict mediation. A very different perspec- 
tive is provided by Ellen Clarke as she brings 
plants into the discussion and argues that the 
emphasis on conflict may have been exces- 
sive. She suggests that at least theoretically, 
selection at different levels may be reinforc- 
ing rather than conflicting, although empirical 
evidence remains scant. This issue of conflict 
and individuality is a thread that ties together 
a number of both philosophical and more 
empirical contributions to this volume. There 
have clearly been considerable conceptual 
advances, sharpening, for example, the dif- 
ferences among the transitions that Maynard 
Smith and Szathmary lumped together and 
clarifying the distinction between increases 
in complexity and levels of selection (see par- 
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ticularly the chapter by Daniel McShea and 
Carl Simpson). Still, many questions remain 
unresolved. Nor is it clear why the volume is 
restricted to Maynard Smith and Szathmary’s 
list of major transitions and does not also 
examine some others. 

The ecological and environmental con- 
texts of major evolutionary transitions are 
addressed primarily by Andrew Knoll and 
David Hewitt in their chapter, although they 
are acknowledged by several other authors. 
Focusing largely on the evolution of com- 
plex multicellularity during the Proterozoic, 
Knoll and Hewitt set aside issues of conflict 
and cooperation to consider the importance 
of active transport mechanisms for oxygen, 
nutrients, and other molecules. In their view, 
changes in the physical environment have 
constructed environments in which new 
evolutionary trends can prosper. But in some 
cases these changes in the physical envi- 
ronment were themselves the consequence 
of biotically driven change, creating inter- 
esting feedback loops that have yet to be 
fully explored. 

By far the most interesting issue raised in 
the volume is the implications these major 
transitions have for understanding how evo- 
lutionary processes have themselves evolved. 
Regrettably, this topic is developed only by 
Calcott and Sterelny in their introduction and 
by Peter Godfrey-Smith and Sterelny in their 
chapters. As Sterelny observes, novelties that 
expand evolutionary possibility have arisen 
repeatedly throughout the history of life 
on Earth, but their success at surviving and 
spreading has differed considerably. More 
fully developing this line of research will be 
a fitting tribute to Maynard Smith and Szath- 
mary and the questions they initiated. 
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After a major transition. Grypania, the earliest putative eukaryotic macrofossil, occurs in rocks around 
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Influenced by Caste 
and Gender 


Asha Gopinathan 


ines the interactions among caste, gen- 

der, nationalism, and science in early- 
20th-century India. Sur (a historian of science 
at Massachusetts Institute of Technology) 
focuses on the contrasting lives of Nobel lau- 
reate C. V. Raman and the distinguished astro- 
physicist Meghnad Saha. 

Saha, nominated for the Nobel Prize four 
times, was born in East Bengal (now Bangla- 
desh) in 1893 to the family of a lower-caste 
village grocer. The first in his family to attain 
higher education, he proved a brilliant student 
and was soon appointed a lecturer. He pub- 


[: Dispersed Radiance, Abha Sur exam- 


Groundbreakers. Meghnad Saha (sitting, left) was among the scientists of 
the early-20th-century Bengal Renaissance. 


lished many papers integrating atomic phys- 
ics and thermodynamics and was elected a 
Fellow of the Royal Society in 1927. He later 
turned his attention to nuclear physics and in 
1950 set up the Institute of Nuclear Physics 
in Kolkata. 

C. V. Raman was born in 1888 in a small 
village in Tamil Nadu to an upper-caste brah- 
min family. His father was a lecturer in phys- 
ics and mathematics at Presidency College 
(Chennai, formerly Madras), which Raman 
entered at age 13. At 19, he earned a master’s 
degree in physics and published a paper in 
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Philosophical Magazine. Because research 
careers were at the time reserved mainly for 
the British, he wound up as an accountant in 
the Financial Civil Service based in Kolkata. 
However, working mornings and evenings 
in the laboratories of the Indian Association 
for the Cultivation of Science, he published 
extensively, including a few papers in Nature. 
A professorship in physics at 
the University of Calcutta fol- 
lowed. Elected to the Royal 
Society in 1924, he won the 
1930 Nobel Prize in Physics 
for his work on the scattering 
of light. After a turbulent time 
as director of the Indian Insti- 
tute of Science (IISc) in Ban- 
galore (1933-1937), he con- 
tinued as a professor there until 1948, when 
he established the Raman Research Institute. 
Forced out of the college hostel in Kolkata 
due to his caste background, Saha opposed 
separate housing for 
students from different 
communities. Sur argues 
that his social beliefs per- 
colated into his scientific 
theories—for example, 
leading him to conclude 
that physical stimuli “do 
not act preferentially on 
atoms; rather, it is the 
atoms that interact selec- 
tively with the stimulus.” 
In his scientific writings, 
he was cautious, attentive 
to experimental details, 
and always acknowl- 
edged the support of his 
students. Furthermore, 
he sought a level play- 
ing field for all castes and 
classes. Saha’s engage- 
ment with these issues 
led him to edit Science and Culture and enter 
the Lok Sabha (the lower house of the Indian 
Parliament). He believed that massive indus- 
trialization and science would eventually 
solve all the problems of independent India. 
Nonetheless, he was systematically excluded 
from heading many important committees, 
including the Atomic Research Committee. 
Although Raman also supported the 
nationalist cause, he did not participate in any 
protests or Gandhi’s noncooperation move- 
ment; “he would not allow its more turbu- 
lent and chaotic manifestations to interfere 
with his science.” Discussing Raman and 
his science, Sur examines the Born-Raman 
controversy in lattice dynamics. Whereas 
Born’s theory predicted a quasi-continuous 
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spectrum, results from Raman’s experimen- 
tal group emphasized a discrete structure. 
Raman reorganized his lab so that in the 
1940s every member was working on validat- 
ing his dynamic theory of lattice vibrations. 
Exhibiting a profound reluctance to engage 
with contrary evidence, Raman promoted 
his theories in increasingly repetitive papers 
in his own journal. Sur com- 
ments, “The interaction of 
brahminic culture, where priv- 
ilege is ascribed by birth, with 
the precarious status accorded 
to indigenous scientists in 
British India created a culture 
of arrogant assertiveness.” 
She highlights this contro- 
versy to bring forth Raman’s 
control over science and scientific knowledge 
in his lab, the Indian Academy of Sciences, 
and its journals. All the same, as IISc director, 
Raman gave Born, a Jewish refugee scientist, 
a place to work in his institute. 

When it came to issues of gender, both 
Saha and Raman were “quintessential patri- 
archs.” While Saha’s daughter felt that he 
became more open to ideas about gender as 
he grew more influenced by the politics of 
the left, the book doesn’t reveal whether he 
ever had women students. Raman cautiously 
took a few, including Lalitha Chandrasekhar, 
Sunanda Bai, and Anna Mani. But, believ- 
ing it scandalous for male and female stu- 
dents to even walk together, he maintained a 
strict separation of the sexes in his laboratory. 
As a result, the women students were very 
isolated from their peers. They were gener- 
ally given work of a repetitive, descriptive 
nature. Despite publishing extensively, nei- 
ther Mani nor Bai were awarded their Ph.D. 
Mani rose to deputy director general of the 
Indian Meteorological Department, later 
worked at the Raman Research Institute, and 
still later established a factory to manufacture 
instruments to measure wind speed and solar 
energy. Bai committed suicide in 1944, on 
the eve of her departure for postdoctoral stud- 
ies in Sweden. Raman never again accepted 
women students. Sur concludes that wom- 
en’s survival in science demanded from them 
“social conformity and conservatism.” 

Although Sur bases Dispersed Radiance 
on primary sources wherever possible, she 
found access to personal papers and labo- 
ratory notebooks difficult (especially in the 
case of Raman). Hence she also turned to 
books, articles, and extensive interviews. 
From her sources she has woven a meticulous 
account of the subaltern history of physics in 
India during the first half of the 20th century. 
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Reconsidering the Consequences 
of Selective Fisheries 
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oncern about the impact of fishing 

on ecosystems and fisheries produc- 

tion is increasing (/, 2). Strategies to 
reduce these impacts while addressing the 
growing need for food security (3) include 
increasing selectivity (/, 2): capturing spe- 
cies, sexes, and sizes in proportions that 
differ from their occurrence in the ecosys- 
tem. Increasing evidence suggests that more 
selective fishing neither maximizes produc- 
tion nor minimizes impacts (4—7). Balanced 
harvesting would more effectively mitigate 
adverse ecological effects of fishing while 
supporting sustainable fisheries. This strat- 
egy, which challenges present management 
paradigms, distributes a moderate mortality 
from fishing across the widest possible range 
of species, stocks, and sizes in an ecosystem, 
in proportion to their natural productivity 
(8), so that the relative size and species com- 
position is maintained. 


Selectivity: Rationale, Undesirable Effects 

Fishers select species and sizes for various 
practical, economic, and regulatory reasons. 
The idea of increasing size-selectivity to 
increase yields is centuries old (9). The con- 
cept of growth overfishing (loss of yield when 
small fish are caught) has been a cornerstone 
of modern fisheries management since the 
1950s (0). Avoiding juveniles has been justi- 
fied to let fish reproduce at least once before 
they are harvested (//). Protecting rare and 
charismatic species has also gained cur- 
rency (/2). New guidelines from the United 
Nations Food and Agriculture Organization 
(FAO) reiterate the objective of “minimizing 
the capture and mortality of species and sizes 


which are not going to be used,” i.e., by-catch 
(3). Fisheries worldwide have used species 
and size limits (9, /4), gear technology (5, 
15), and spatial and temporal fishing restric- 
tions (/6) to reduce fishing impacts while 
pursuing human benefits. 

But selective removals will inevitably 
alter the composition of a population or com- 
munity and, consequently, ecosystem struc- 
ture and biodiversity. Old individuals con- 
tribute the most to reproduction (/7). Even 
moderate fishing reduces the proportion of 


Balanced fishing across a range of species, 
stocks, and sizes could mitigate adverse effects 
and address food security better than increased 
selectivity. 


species and individuals in the North Sea 
(22) (fig. S1). By contrast, in several Afri- 
can small-scale inland fisheries, the fish size 
spectrum (23) has been maintained under 
intense and diverse fishing activities that 
cause high mortality with low selectivity (5, 
24) (fig. $1). 

Results from models suggest that moder- 
ating fishing mortality across a wide range 
of species and sizes maximizes overall catch 
summed across species while better conserv- 
ing biodiversity. Multispecies fishery models 


Balanced harvesting ... distributes a moderate mortality from 
fishing across the widest possible range of species, stocks, and 


sizes in an ecosystem. 


large and old fish in a population. Selectively 
fishing large individuals amplifies this effect, 
and although it does not provide the expected 
yield benefits (9), it results in ecological 
and evolutionary side effects. Removal of 
older age classes can increase fluctuations in 
population abundance (/8), which, in turn, 
increase the risks associated with low abun- 
dance. Increased and selective fishing has 
been predicted to drive stocks toward earlier 
maturation and smaller adult body size (79). 
Such changes appear common (20), although 
their environmental and genetic causes are 
not fully disentangled (2/). 

Community effects of heavy, selec- 
tive exploitation include alteration of tro- 
phic structure on the Eastern Scotian Shelf 
(6), and a shift from large- to smaller-sized 
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show that increased mesh sizes may reduce 
total yield, owing to increased predation by 
large fish (25), and that targeting a limited 
range of species or sizes will not maximize 
diversity at most fishing mortalities (26). In 
size-based models, depletion of particular 
sizes by fishing affects smaller-size groups 
because their predation mortality is reduced 
and impinges on larger-size groups by both 
reduced food for predators of the harvested 
sizes and faster growth rates of the survivors 
of the selective fishing. This causes destabi- 
lizing fluctuations in biomass that are wider 
when the size range fished is narrower and/or 
the sizes fished are large (27). When models 
allow for some diversity in properties other 
than size within size classes, fluctuations 
persist but are dampened (28). 

Synthesizing across ecosystem mod- 
els from 30 systems [see supporting online 
material (SOM) for details] suggests that 
the biodiversity benefits from selective fish- 
ing occur only at fishing mortalities so low 
that yield is not economically sustainable 
(see the graph). With fishing spread over 
more groups and sizes, yields are higher 
and impacts of fishing—such as population 
extirpations (local extinctions) and biomass 
depletion—are lower across a broad range of 
fishing mortalities. 
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Effects of conventionally selective (red), unselective (blue), and balanced 
(dark blue) fishing. Unselective fishing harvests all exploitable nonmicrofauna 
and nonlarval ecosystem components. Balanced fishing mortality rates are set 
in proportion to productivity per biomass for each group. (Left) Results for total 
catch weight (as a percentage of the maximum total yield for a system across all 
fishing scenarios), (middle) total available biomass (i.e., biomass that could be 
harvested), and (right) extirpations (number of groups that have dropped below 
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10% of their unfished levels). All values are plotted against the maximum sys- 


Toward Balanced Harvesting 

The conventional “increased selectivity” 
paradigm may be inconsistent with objec- 
tives of an approach that considers all eco- 
system consequences while managing fish- 
eries. Balanced harvest is selective, but it 
broadens the selectivity perspective from 
scales of fishing operations and stocks to the 
integrated scale of ecosystem productivity 
and impacts. 

Conventionally selective removal of 
parts of the ecosystem leads to unin- 
tended consequences that are inconsis- 
tent with a range of international conven- 
tions and agreements, including the inter- 
national commitment to rebuild world fish 
stocks to their maximum sustainable yield 
(MSY) (29, 30). It is increasingly recog- 
nized that all stocks within an ecosystem 
cannot be rebuilt to biomasses consistent 
with their single-species MSY levels (3/). 
If the focus is on how much to fish as calcu- 
lated from reducing fishing mortality (/, 2), 
MSY’s dependence on what type of fishing 
is done—size-selectivity within stocks and 
species-selectivity at the community level 
(32)—is overlooked. Balanced harvesting 
requires adjusting selectivity regulations 
to balance the impact of all fisheries in an 
area with the relative productivities of the 
species and sizes of fish in the ecosystem; 
MSYs are subject to that constraint. 

Regulations in many jurisdictions pro- 
mote selectivity as an intended outcome, 
e.g., by using mesh-size limits. Our results 
suggest that such regulations often will be 
inconsistent with goals to maintain biodi- 
versity as well as fish yield. Implementing 
balanced harvesting requires coordinated 


management across multiple fisheries with 
consideration of ecosystem structure, con- 
sequences of current fishing selectivity, and 
implications for future yields. This involves 
quantifying patterns of fishing activities and 
ecological consequences aggregated at the 
fish-community and ecosystem levels. 

We propose that fisheries management 
should address community properties such 
as the size-spectrum slope, for which accept- 
able levels would be agreed (33, 34). Eco- 
system modeling could help in determin- 
ing appropriate patterns of fishing mortality 
and selectivity to conserve these properties, 
and constraints on removals (including dis- 
cards), not just landings. Perhaps the great- 
est changes required for a balanced harvest- 
ing approach concern by-catch and markets. 
As each ecosystem component is to be caught 
in appropriate amounts, by-catch ceases to be 
an operational nuisance to be minimized and 
becomes part of the management strategy. 
Markets and the processing sector will need 
incentives to accommodate a wider range of 
catch components, including many not cur- 
rently utilized in Western countries but com- 
monly used in multispecies, multigear fish- 
eries (5, 35) in the Mediterranean, Asia, and 
the Southern Hemisphere: for example, (i) 
enhancing industrial processing for animal 
feed or human consumption (36), (ii) status 
change from by-catch to target (14), and (iti) 
consuming less-utilized fish species (37). 

Issues regarding the potential benefits 
and implementation of balanced harvest- 
ing remain. However, consideration of 
food security and minimizing ecosystem 
impacts suggest that the time has come to 
take action. 
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ing results were part of supplementary fig. $1 in (2). 
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PUBLIC HEALTH AND BIOSECURITY 


The Limits of Government 
Regulation of Science 


John D. Kraemer’? and Lawrence O. Gostin?* 


ast summer, two research teams 

funded by the National Institutes of 

Health genetically modified H5N1 
avian influenza viruses, making them 
capable of efficient respiratory transmis- 
sion between ferrets. Ferrets are thought 
to be a good animal model for influenza in 
humans. A small number of genetic changes 
might be able to convert the presently zoo- 
notic HSN1 virus into a pathogen with dan- 
gerous pandemic potential—transmissible 


ology and results could become a blueprint 
for bioterrorism (/). 

The U.S. government’s request not to 
publish key scientific findings sparked con- 
siderable controversy. To many research- 
ers, knowledge about what mutations enable 
respiratory transmission is essential to sur- 
veillance of and early action against vari- 
ants of HSN1. They worry that government 
intrusion into scientific innovation would 
discourage vital research. However, security 


The court ruled that federally funded scientific research, 
especially at universities, should be free from prior restraint— 
calling into question the validity of CUI conditions on 


research grants. 


from human-to-human, with a >50% case- 
fatality rate. The National Science Advisory 
Board for Biosecurity (NSABB), which 
advises the U.S. Department of Health and 
Human Services (HHS), recommended that 
two journals, Science and Nature, redact 
key information before publication. The 
NSABB and HHS expressed concerns that 
published details about the papers’ method- 
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advocates believe the greater risk is that the 
mutated virus could escape or that knowl- 
edge about these mutations could get into the 
wrong hands. They suggest that research of 
this kind should not be funded or undertaken 
in the first place. Where, as here, the research 
has already been conducted, they urge sci- 
entific journals not to publish any sensitive 
methods or results (/). 

The HHS request reveals a troubled rela- 
tionship between security and science. This is 
not the first time a government has requested 
that a journal not publish information. In 
1979, the U.S. Department of Energy secured 
an injunction against the magazine The Pro- 
gressive to prevent the publication of an article 


A transparent institutional review process 
will balance scientific freedom and national 
security better than publication restrictions. 


about building a hydrogen bomb, even though 
the information was in the public domain; the 
injunction was later vacated when the article 
was published elsewhere (2). In 2005, the 
Proceedings of the National Academy of Sci- 
ences refused to comply with an HHS request 
to decline publishing a mathematical model 
of botulism in the milk supply (3). The HSN1 
case, however, is the first time government has 
sought to redact information after an institu- 
tionalized HHS review process. 


Constitutional Limits on Government 
Restrictions of Scientific Publications 

The First Amendment to the U.S. Consti- 
tution affords considerable protection to 
political, artistic, and scientific expression, 
that could trigger “strict scrutiny” by the 
Supreme Court (4). The court is most vig- 
orous in reviewing government restraints 
on speech in advance of publication, which 
it calls “prior restraints.” Prior restraints are 
uniquely threatening to First Amendment 
values because they prevent ideas from ever 
being heard (5). 

Had the government compelled the HSN1 
researchers to cease research or the journals 
to withhold publication—whether through 
the force of law or by creating adverse con- 
sequences such as loss of funding—it could 
have violated the First Amendment. Even 
informal systems of restraint can be uncon- 
stitutional, such as a government threat to 
prosecute publishers (5). In this case, how- 
ever, HHS’ request, by its own terms, was 
nonbinding, and the journals had discre- 
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tion whether or not to comply (6). Given 
the absence of legal force or undue induce- 
ments or penalties, the government’s request 
to withhold information does not violate the 
First Amendment. 

There are situations in which a govern- 
ment has the authority to block scientific 
communications. The clearest case is when 
research has been properly classified under 
federal law and the person seeking to com- 
municate findings obtained it under the 
terms of a security clearance—whether they 
are still working for the government or not, 
so long as procedural requirements are met 
(7). Although a researcher is obliged to keep 
classified information confidential, publish- 
ers who obtain that information lawfully have 
a right to publish. In the Pentagon Papers 
case, the Supreme Court held that President 
Nixon did not overcome the “heavy presump- 


on research grants. The wider the scope of 
CUI conditions, the more likely that courts 
will invalidate them (4). 

The Supreme Court’s “unconstitutional 
conditions” doctrine holds that government 
may not place conditions on public fund- 
ing that require the recipient to surrender 
First Amendment rights. Thus, government 
has no obligation to provide research fund- 
ing, but if it chooses to, it cannot restrain the 
free expression of researchers without a com- 
pelling state interest. For example, a federal 
appellate court recently struck down HHS 
guidelines requiring recipients of AIDS pre- 
vention funding to pledge their opposition to 
prostitution, reasoning that it was an uncon- 
stitutional condition (0). 

The unconstitutional conditions doctrine, 
however, is hard to decipher. For example, the 
Supreme Court upheld HHS prohibitions on 


Could the public obtain sensitive data that have been redacted 
from publications through a FOIA request? If so, governmental 
requests to redact sensitive information would be fruitless. 


tion” against prior restraint when he sought 
to prohibit publication of classified materials. 
The court found that an undefined concept of 
“security” did not “abrogate the fundamental 
law embodied in the First Amendment” (8). 
It is far less clear whether government 
may suppress the publication of research con- 
ducted with government funding when the 
results are “controlled unclassified informa- 
tion” (CUI) [sometimes referred to as “sen- 
sitive but unclassified” (SBU)] under con- 
ditions set by government grants or con- 
tracts. Traditionally, the federal government 
restricted communication about basic sci- 
ence research only through classification. 
However, CUI restrictions have become more 
common, and no court has directly addressed 
their constitutionality. Although it is unclear 
how often CUI clauses include a prepublica- 
tion review requirement, research suggests 
that they occur with some regularity (9). 
Board of Trustees of Leland Stanford Jr. 
University v. Sullivan is the most pertinent 
case for evaluating CUI restrictions. Stanford 
University challenged an NIH confidential- 
ity clause that required the university to seek 
prior approval before publishing preliminary 
findings about artificial heart research to pro- 
tect the public from unvalidated research find- 
ings. The court ruled that federally funded 
scientific research, especially at universities, 
should be free from prior restraint—calling 
into question the validity of CUI conditions 


the use of family planning funds to counsel 
women regarding abortion, reasoning that 
government is entitled to subsidize one pro- 
tected right (family planning), while refusing 
to subsidize analogous rights (abortion coun- 
seling) (11). The court similarly upheld the 
government’s right to withhold funding to any 
public university that denied access to mili- 
tary recruiters, even though the universities 
claimed it violated their freedom to disap- 
prove of the military’s “don’t ask, don’t tell” 
tule. The court said the law neither denied the 
institutions the right to speak nor required 
them to say anything (/2). 


Scientific Publication from Countries 

Subjected to U.S. Economic Sanctions 

In the past, the federal government has 
impeded scientific publication processes, 
not because of articles’ content but rather 
because the authors were from countries 
against which the United States had imposed 
economic sanctions. The Department of 
Treasury’s Office of Foreign Assets Control 
(OFAC) enforces these economic sanctions. 
For a brief period in 2003, OFAC restricted the 
review process for scientific papers submit- 
ted from countries sanctioned by the United 
States (/3). In particular, OFAC informed the 
Institute of Electrical and Electronics Engi- 
neers (IEEE) that, although its journals could 
subject papers from sanctioned countries to 
peer review, they could not make prepub- 
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lication edits without a specific license. In 
essence, OFAC argued that editing a paper 
was providing a service to foreign authors in 
violation of trade embargoes. In 2004, OFAC 
reversed that decision and allowed normal 
scientific editing to occur (/4). Had OFAC 
not reversed itself, First Amendment chal- 
lenges against the policy likely would have 
prevailed (/5). 


Access to Sensitive Data Under the Freedom 
of Information Act 

A functioning democracy requires that citi- 
zens be able to access information in the 
government’s possession, but not if access 
poses an unacceptable security risk. The 
Freedom of Information Act (FOIA) bal- 
ances these concerns by affording access to 
federal agency records unless the records 
fall within a statutory exemption. Federal 
agencies support much of the research in the 
United States, including both of the recent 
H5N1 studies. Could the public obtain sensi- 
tive data that have been redacted from publi- 
cations through a FOIA request? If so, gov- 
ernmental requests to redact sensitive infor- 
mation would be fruitless. 

FOIA applies only to “agency records,” 
so a threshold issue is whether university 
research data acquired under a grant constitute 
an agency record. In 1980, the Supreme Court 
ruled that research data produced under an 
NIH grant and used in regulatory proceedings 
by the U.S. Food and Drug Administration 
did not constitute an agency record subject 
to FOIA because it was retained by the non- 
governmental grantee. The court found that 
FOIA required the agency to either produce 
or obtain permanent custody of the data (/6). 

The “Shelby amendment,” enacted in 
1999, expanded public access to data pro- 
duced at universities and other nonprofit 
research entities under federal grants. The 
public can request the data if they were pro- 
duced under a federal grant and “cited pub- 
lically and officially by the Federal Govern- 
ment in support of an agency action that has 
the force and effect of law” (/7). Federal agen- 
cies could take care not to officially cite highly 
sensitive data, thereby avoiding a successful 
FOIA request. However, it is not always sim- 
ple or easy to refrain from referencing sensi- 
tive research. The NIH, for example, might 
reasonably refer to the HSN1 research as jus- 
tification for revising biosecurity policies. 

Even if sensitive data do become part of 
an agency record, FOIA provides the federal 
government with ample authority to refuse 
a request on security grounds. FOIA pro- 
vides nine exemptions under which records 
that would otherwise have to be disclosed 
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may be withheld, one of which is for “mat- 
ters that are specifically authorized under cri- 
teria established by an executive order to be 
kept secret in the interest of national defense 
or foreign policy and are in fact properly clas- 
sified pursuant to such an executive order” 
(18). Through this exception, Congress has 
acknowledged broad executive authority to 
classify records so long as it is done lawfully 
pursuant to an executive order. 

President Obama’s 2009 Executive Order 
13526 revises existing classification stan- 
dards (/9). Although it was designed to 
reduce the amount of classified materials, 
the executive order affords agencies con- 
siderable discretion to classify on security 
grounds. Consistent with prior policy, the 
executive order mandates that “basic scien- 
tific research information not clearly related 
to the national interest shall not be classi- 
fied.” However, the order permits the classi- 
fication of “scientific, technical, or economic 
matters relating to the national security,” pro- 
vided that disclosure is reasonably expected 
“to cause identifiable or describable damage 
to the national security.” Furthermore, agen- 
cies may classify data that meet the execu- 
tive order’s standards even if the data were 
not classified at the time of the FOIA request 
(19). Thus, federal agencies have wide 
authority to prevent the release of research 
information through a FOIA request simply 
by classifying it, provided that there are legit- 
imate national security justifications. 

In 2010, President Obama issued a fur- 
ther executive order stating that CUI is not 
automatically exempt from FOIA (20). Thus, 
to ensure that sensitive biological research 
information is not disclosed, agencies would 
have to classify it. [Certain nonbiological 
research, such as nuclear energy, is automati- 
cally exempt from FOIA, as are the locations 
where select biological agents are held (2/).] 
Some research data also might be protected 
under FOIA exemptions for trade secrets 
or predecisional deliberative memoranda 
within the government, but these options are 
limited (22). 

The law, then, draws a distinction between 
classified and controlled unclassified infor- 
mation. However, from a constitutional per- 
spective, it would be troubling if the result 
turned solely on the label the government 
placed on the data. If the result did turn on the 
label, the government could simply relabel 
research from CUI to classified and thus pro- 
hibit its dissemination. Although decisions to 
classify can be challenged, prevailing is dif- 
ficult, and unnecessary classification is com- 
mon (23). This appears to place too much dis- 
cretion in the hands of public officials. 


The problem of government discretion is 
compounded by highly inconsistent practices 
among federal agencies in the classification 
systems they use. There is inconsistency of 
structure (the labels attached, such as classi- 
fied, CUI, SBU, or other terminology), as well 
as in the application of that structure to indi- 
vidual documents (no clear standard exists 
for deciding whether to classify particular 
information). In short, the line between clas- 
sified and CUI remains unclear, as agencies 
struggle to apply President Obama’s execu- 
tive orders (24). 


Balancing Scientific Freedom, Constitutional 
Values, and Biosecurity 

The federal government has the power to 
prevent the dissemination of sensitive life- 
sciences research, but there are good rea- 
sons to exercise that power sparingly. The 
current system of deliberation by a federal 
expert advisory board and HHS-issued vol- 
untary recommendations is preferable to for- 
mal government mandates. Although we do 
not have all the data, the NSABB process in 
the H5N1 cases appears reasonable, given 
that unredacted publication could enable bad 
actors with scientific skill to replicate the 
studies, with profoundly harmful effects. The 
federal government has promised to share the 
researchers’ methods and conclusions with 
scientists with a need to know, which substan- 
tially advances scientific objectives. 

Can the review process for high-risk bio- 
logic research be improved further? The 
NSABB’s origins can be traced to the so- 
called Fink report issued in 2004 by the 
National Research Council (2/). However, 
vital aspects of the Fink report have not been 
implemented. In particular, the Fink report 
proposed an institutional review process for 
biological “experiments of concern’”—those 
falling into seven research classes, making 
the pathogen considerably more attractive 
as a bioterrorism agent (e.g., by enhancing 
virulence or transmissibility or by rendering 
vaccines ineffective). This approach was pat- 
terned on the Institutional Biosafety Commit- 
tees (IBCs) required by NIH for recombinant 
DNA research at institutions receiving fed- 
eral funding, which generally have been con- 
sidered to be successful (2/). 

HHS, in partnership with institutions, 
will have to ensure that the IBC model works 
effectively: (1) institutions must develop the 
requisite expertise to review dual-use research 
of concern; (11) HHS must specify the cat- 
egories of research requiring institutional 
review—minimally including the seven types 
of high-risk experiments; and (iii) HHS must 
set clear and consistent standards for institu- 


POLICYFORUM 


tional review. If IBCs are formally designated 
to conduct the institutional review function, 
HHS will have to clarify whether NSABB 
will guide and oversee the process (2/). In 
addition, because IBCs may recommend 
that researchers voluntarily restrict access to 
methods or results in some instances, it will 
be important for HHS to develop a system for 
managing access to sensitive data and for dis- 
seminating it to those with a need to know in 
a fair manner. 

If HHS improves its functioning, the insti- 
tutional review process can ensure a sound 
balance between scientific freedom and 
national security. A fair, transparent process 
undertaken by research institutions, with a 
balanced approach to scientific benefits and 
public safety, together with HHS guidance 
and oversight of high-risk research, is prefer- 
able to government constraints on scientific 
information by force of law. 
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CELL BIOLOGY 


Reconfiguring Regulation 


Guilhem Chalancon, Kai Kruse, M. Madan Babu 


ells adapt to changes in their 

environment by regulating the 

expression of multiple genes, 
but a deeper understanding of this 
phenomenon requires quantitative, 
genome-wide measurements of the 
abundance of different cellular compo- 
nents at high temporal resolution and 
under a large number of conditions. 
Technological advances have made it 
possible to monitor how this takes place 
from a systems biology perspective (/— 
5). Two papers in this issue—by Nico- 
las et al. on page 1103 (6) and Buescher 
et al. on page 1099 (7)—describe how 
the bacterium Bacillus subtilis achieves 
adaptation at an unprecedented level of 
detail and breadth. 

Studies on Mycoplasma pneumoniae 
(/—3) individually documented the bac- 
terium’s cellular transcripts (transcrip- 
tome), proteins (proteome), and metabo- 
lites (metabolome). A more comprehen- 
sive understanding of cellular adaptation 
was achieved in a study of the bacterium 
Escherichia coli (4), where a large-scale 
and integrated collection of “omics” 
data sets was obtained from a single 
experimental setup. However, it did not 
provide time-resolved dynamic data or 
examine a wide range of environmental 
conditions. These limitations were partly 
addressed by a system-wide temporal 
integration of the transcriptome, pro- 
teome, and metabolome of B. subtilis to 
monitor the changes during adaptation to 
nutrient starvation (5). 

Nicolas et al. and Buescher et al. 
take another important step toward the 
integrative characterization of an entire 
organism. Nicolas et al. analyzed the 
genome-wide transcriptional activity 
of B. subtilis across 104 different nutri- 
tional and environmental conditions, 
reflecting the bacterium’s natural habitat. 
Buescher et al. combined multiple time- 
resolved omics data in a mathematical 
framework to compare B. subtilis adaptation 
to glucose-rich and malate-rich nutrient con- 
ditions. Together, their results provide broad 
(in terms of the number of environmental 
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conditions) and detailed (in terms of temporal 
resolution) views of the B. subtilis response to 
environmental changes. 

Nicolas et al. observed considerable com- 
plexity in the promoter architecture of pro- 
tein-coding genes. Their findings triple the 
number of mapped promoter regions and 


Cell adaptation to changing environments 
requires a trade-off between complex regula- 
tion and imperfect control. 


An integrated view of adaption. Adapta- 
tion of B. subtilis to changing environments 
(such as nutrients) requires a balance between 
complex regulation (adaptation strategy) and 
imperfect control (cost). 


reveal that ~50% of the characterized 
genes can be transcribed from more than 
one promoter. This is accomplished by 
alternative sigma factors, which form 
an essential but variable subunit of the 
RNA polymerase complex, and confer 
promoter sequence binding specific- 
ity. In particular, 85% of protein-cod- 
ing genes were highly expressed in at 
least one condition, but <3% of them 
remained constitutively expressed in all 
conditions, indicating an unexpectedly 
high transcriptional plasticity. 
Buescher ef al. reveal that shifts 
to malate-rich and glucose-rich nutri- 
ent conditions introduced substan- 
tial global reconfigurations at all lev- 
els of regulation. Most genes were 
differentially expressed, and 127 out 
of 154 transcription factors changed 
their activity during one or both shifts. 
Changes in carbon metabolism during 
both shifts were mediated largely by 
altering the abundance of a small num- 
ber of proteins. Although both nutri- 
ents are preferred carbon sources for 
B. subtilis, adaptation to glucose avail- 
ability was slow and largely controlled 
transcriptionally, whereas adaptation to 
malate was fast and primarily regulated 
posttranscriptionally (see the figure). 
To achieve adaptation, B. subtilis 
makes some compromises. The observa- 
tions of Nicolas et al. suggest that tran- 
scriptional plasticity is often associated 
with imperfect control, leading to the 
generation of antisense RNAs. This may 
arise due to aberrant termination of tran- 
scription, or spurious transcription initi- 
ation while using alternative sigma fac- 
tors. Similarly, the results from Buescher 
et al. suggest that, depending on the prevail- 
ing environmental condition, the preferential 
uptake of one carbon source over the other 
might confer condition-specific evolution- 
ary advantages in growth. This is achieved by 
active regulation or constitutive expression of 
several genes—two distinct strategies, nei- 
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ther of which is advantageous per se. Thus, 
to adapt to changing environments, B. subti- 
lis makes a trade-off between the implemen- 
tation of complex regulatory programs and 
imprecise regulation. 

However, when seen in a different light, 
those apparent compromises may be advan- 
tageous. Spurious transcription of antisense 
RNAs might provide an additional means of 
regulation (8). In addition to silencing gene 
expression, antisense transcription increases 
gene expression variability among individual 
cells in a population (9). Such variation in 
the expression of key adaptation-conferring 
genes could increase the chance that some 
cells will successfully adapt when environ- 
mental conditions fluctuate (/0). Likewise, 
active regulation or constitutive expression 
of enzymes need not be detrimental but may 
even be beneficial. For instance, constitutive 
malate uptake combined with delayed glu- 


cose consumption is a successful strategy 
in environments where B. subtilis primarily 
encounters malate (7). 

The studies by Nicolas et a/. and Buescher 
et al. jointly demonstrate that adaptation to 
changing conditions involves a global re- 
organization of the gene expression process. 
Many directions remain to be explored in light 
of these findings. Other factors may influ- 
ence cellular adaptation: the impact of post- 
translational modifications and decay rates 
of cellular components (//), the influence of 
three-dimensional organization of genomes 
on transcriptional plasticity (/2), and protein 
and mRNA localization within a cell (/3). 
Moreover, single-cell measurements on indi- 
vidual cells, rather than on entire cell popula- 
tions, are beginning to reveal the importance 
of stochastic variation in expression levels of 
genes as an important strategy for adaptation 
(/4). Thus, these factors and approaches need 
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to be explicitly considered in future investiga- 
tions aimed at characterizing cellular changes 
to environmental adaptation. Similar studies 
in other organisms will become imperative 
to understanding long-standing fundamental 
questions in biology. 
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GEOPHYSICS 


Probing the Mantle Past 


Vickie C. Bennett 


ntil recently, geologists generally 

believed that all evidence of the first 

few hundred million years of Earth’s 
4.56-billion-year history had been erased 
by mantle convection and plate tectonics. 
Although planetary analogs with Mars and 
the Moon suggest that Earth likely experi- 
enced large-scale melting soon after accre- 
tion, vigorous convection in the early mantle 
due to higher heat production from radioac- 
tive decay, core formation, and large impacts 
followed by 4 billion years of crustal recy- 
cling at plate boundaries was thought to 
have efficiently mixed and homogenized 
the mantle, obliterating all signs of Earth’s 
youthful exuberance. That all changed with 
the discovery of zircon grains more than 
4.0 billion years old from the Jack Hills in 
western Australia in 1983 (/), followed by 
the demonstration in 2003 that geochemi- 
cal signals linked to decay of short-lived 
radioactive isotopes are preserved in some 
ancient crustal terrains. The recognition 
of '"Nd isotopic variations, produced by 
decay of '“°Sm with a half-life of 103 mil- 
lion years, in 3.8-billion-year-old terrestrial 
rocks (2) proved that traces of Earth’s earli- 
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est history are still legible in the rock record. 
On page 1065 of this issue, Touboul et al. 
(3) report highly precise measurements of 
the isotopic composition of tungsten (W) 
in 2.8-billion-year-old “komatiites,” a type 
of basaltic rock known to be derived from 
source regions deep within the mantle. The 
results help to produce a clearer picture of 
the dynamic processes involved in the for- 
mation of Earth’s early mantle. 

As '’W forms from the decay of an iso- 
tope of hafnium ('**Hf), which has a half-life 
of only 9 million years, any anomalous vari- 


>4.5 billion years 


" 


Precision isotope analysis can reveal details 
of the dynamic processes involved in the 
formation of Earth’s mantle. 


ations in '**W must have been created while 
the parent isotope '’Hf was still alive and 
actively decaying, that is, within the first ~60 
million years of the origin of the solar sys- 
tem. Touboul et al. found that these komati- 
ites, from the Baltic Shield in Russia, have 
appreciable enrichments in '*’W to the level 
of about 13 parts per million higher and are 
thus “anomalous” compared with modern 
terrestrial rocks. This is only the second 
report of such an anomaly in the Earth, fol- 
lowing last year’s discovery by Willbold et 
al. (4) of similar-sized '**W isotopic anom- 


Mantle dynamics. (A) Under conditions of high-temperature and pressure metal-silicate partitioning, regions 
of the deep mantle near the core-mantle boundary of Earth may have formed with high Hf/W ratios. If this 
occurred in the first 60 million years of Earth’s history, while ?Hf (half-life of 9 million years) was actively 
decaying, then regions with enriched amounts of the daughter isotope '®*W would form. (B) Preservation of 
some of this ancient material in Earth’s mantle over extended time periods could result in the unusual isotopic 
signatures measured in some 2.8-billion-year-old rocks, known as komatiites, derived from the deep mantle (3). 


www.sciencemag.org SCIENCE VOL335 2MARCH 2012 


Published by AAAS 


1051 


Downloaded from www.sciencemag.org on March 1, 2012 


PERSPECTIVES 


1052 


alies in older (3.8 billion years old) crustal 
rocks from Greenland. 

The results obtained by Willbold et al. (4) 
and Touboul ef al. add to a growing body of 
work that is revolutionizing our understand- 
ing of the deep Earth and early Earth pro- 
cesses through the use of highly precise (to 
better than +5 parts per million) measure- 
ments of the daughter products of “extinct” 
(that is, no longer actively decaying) isoto- 
pic systems in carefully selected terrestrial 
samples. These measurements are at the 
limit of current analytical capabilities and 
are far from routine. The '’Nd isotopic vari- 
ations in ancient terrestrial rocks revealed a 
record of chemical processing on Earth that 
started >4.4 billion years ago. The new |W 
data push that record back even farther. 

As with many new discoveries, the inter- 
pretation of the data are contentious. Will- 
bold et al. (4) proposed that the anoma- 
lous tungsten reflects the composition of 
Earth’s primordial mantle that predates a 
“late veneer” addition of siderophile ele- 
ments (iron-associated elements such as W) 
to Earth by meteorite influx associated with 
the Late Heavy Bombardment at ~3.9 billion 
years ago. In that scenario, core formation 
stripped the mantle of siderophile elements 
such as W, while !**Hf was still alive, allow- 
ing the mantle to accumulate an excess of 
radiogenic '**W, with late accretion of mete- 
oritic material adding a new supply of sid- 
erophile elements (5) and overprinting the 
early formed signatures. 

In contrast, the results of Touboul et al. 
are not in accord with this simple explana- 
tion. For example, the Russian komatiites 
have siderophile element abundances simi- 
lar to those in the modern mantle source and 
so cannot be the products of a W-depleted 
early mantle. This is consistent with previ- 
ous siderophile element studies of ancient 
mantle samples showing that by 3.8 billion 
years ago, Earth’s mantle already had its full 
complement of siderophile elements and in 
the relative abundances found in the modern 
mantle (6). 

Touboul et a/. consider two possibilities 
to explain the '*’W anomalies in the Kosto- 
muksha komatiites. One is that the sidero- 
phile element characteristics of their man- 
tle source region were set by metal-silicate 
partitioning at high temperature and pres- 
sure under redox conditions that were more 
reducing than the modern mantle (see the 
figure). Under these conditions, the sider- 
ophile element partitioning relationships 
would create a high Hf/W reservoir that 
could mix with more normal mantle to pro- 
duce the komatiite source. Alternatively, the 


early W-Hf fractionation may be due to crys- 
tallization of a magma ocean or formation 
of an early basaltic crust. These scenarios 
are difficult to test, but additional integrated 
studies of short-lived and longer-lived isoto- 
pic systems in early terrestrial rocks would 
provide useful constraints on the timing and 
importance of core formation, early mantle 
differentiation, and late accretion. 
Regardless of the exact mechanism by 
which they formed, one question for under- 
standing deep mantle dynamics is how these 
early isotopic anomalies can be preserved in 
the mantle for at least 1 to 2 billion years, 
despite convective mixing and possible 
overprints from meteorite bombardment. 
The preservation of anomalies produced 
during the first 60 million years of solar sys- 
tem history may imply that Earth was never 
totally molten early in its history and that 
mixing times were much longer than have 
been considered to date (7), allowing isoto- 
pic signatures to be preserved, perhaps to the 
present day (8), if we can figure out where 
to look for them. Sophisticated dynami- 
cal models of mantle mixing, coupled with 
a broader understanding of late accretion 
and how the interiors of terrestrial planets 


respond to energetic events such as large 
impacts, core formation, and magma ocean 
crystallization, will be necessary to explain 
the preservation of such ancient domains. 
The studies of Touboul e¢ al. and Will- 
bold et al. (4) show that we now have the 
ability to examine processes and events that 
shaped the deep Earth in the first few tens 
of millions of years of geologic time. Amaz- 
ingly, that record still exists if we can learn 
how to read it. The answers will certainly 
reveal new aspects of the history, composi- 
tion, and structure of the early mantle as a 
key part of understanding the Earth system. 
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ECOLOGY 


Facing Extinction in Real Time 


David B. Wake 


Amphibian populations worldwide are under threat as a result of additive effects of multiple stressors. 


sense of impending doom has envel- 
oped the community of amphib- 
ian biologists for more than two 
decades, as evidence has built that the sub- 
jects of their research are in severe difficulty. 
What at first was a puzzle based mainly on 
anecdotes (/) became an evident fact when 
intensive studies were completed: Through- 
out the world, amphibians are in decline, 
and many species—perhaps 40%—face 
imminent extinction (2). Recent studies 
have elucidated some agents for amphib- 
ian losses and projected the likely prospects 
for amphibian survival across the globe. The 
picture that emerges is disturbing. 
The amphibian decline is generally 
acknowledged to be a multifarious problem, 
connected to factors such as habitat destruc- 
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tion, climate change, and pesticide use, 
among others. The discovery in 1998 (3) of 
a previously unknown infectious agent—a 
chytrid fungus that kills amphibians—estab- 
lished a new focus of research on amphibian 
declines. Chytridiomycosis is having a devas- 
tating impact on frog populations in Austra- 
lia (4) and Central America (5). A southeast- 
ward wave of chytrid infection in lower Cen- 
tral America (6) has been traced back to the 
northwest to Monteverde, Costa Rica, at the 
time of perhaps the best-documented early 
amphibian disappearance in 1987, and even 
further north to Veracruz, Mexico, as early 
as 1972 (7). Despite its recent discovery, the 
chytrid probably has been adversely affecting 
amphibian populations for decades. 

Hof et al. (8) remind us that there are 
other major factors besides chytridiomycosis 
in the general decline and paint a gloomy pic- 
ture for the future of amphibians. The authors 
project that multiple drivers of extinction 
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shift forecasts, which result from short-term 
climatic and population characteristics. The 
authors show that persistence in the face of 
climate change, even for as short a time as 
two decades, would contribute importantly 
to survival, but they think that persistence 
under unfavorable conditions for so long is 
unlikely. They conclude that some of the spe- 
cies studied face increased endangerment, 
while others face probable extinction. 

Yet, amphibians may have greater ability 
to persist than is generally assumed. Phylo- 
geographic studies of widespread amphib- 
ians south of the borders of Pleistocene gla- 
ciation have consistently found geographi- 
cally structured genetic variation, which is 
clear evidence that populations have per- 
sisted for tens to hundreds of thousands of 
years through cycles of climate change (/6). 
Hence, effects of climate change on amphib- 
ians may be less predictable than projected in 
recent research (8, /3). 

The main message of the new research 
on amphibians is that there are additive 
threats from multiple forcers. This has seri- 
ous implications. Whether we are studying 
long-term climatic trends, changes in pop- 
ulations, patterns in human behavior, inter- 
actions among diverse factors in infectious 
disease ecology, or mitigation of stressors, 
integrative approaches in conservation biol- 
ogy, ecology, and ultimately evolution are 
essential for understanding and countering 
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ing amphibians. Land-use changes are criti- 
cal, based on my own field experience with 
Mesoamerican salamanders. Other important 


will become increasingly important, with 
more intense impacts than previous assess- 
ments have found (2). Some regions with 
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high species richness face the greatest risk. 
Climate change alone is projected to nega- 
tively affect as many as 73% of the frog spe- 
cies in the northern Andes and 66% of the 
local salamander fauna in one part of Central 
America; taking into account the other vari- 
ables makes matters worse. The substantial 
overlap of threats in areas of high species 
richness is troubling. 

The authors project a relatively small role 
for chytridiomycosis, in sharp contrast with 
much recent thought. However, it remains to 
be seen how accurate the models used for chy- 
trid will prove to be. Knowledge of the basic 


factors, such as pollutants and the impact of 
invasive species, are likely to make matters 
even worse. 

With their moist and seemingly delicate 
skins, amphibians might be highly suscep- 
tible to climate change (/3), but they are 
long-term survivors, having gotten through 
the end-Cretaceous extinctions and Pleisto- 
cene climate changes (/4). Although geo- 
graphic ranges of amphibians might adjust 
in response to climate change, just how is 
unclear. Many amphibians have narrow ele- 
vational ranges along altitudinal gradients, 
with essentially no latitudinal or longitudinal 


the threat to amphibians. 
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vulnerable to all factors currently threaten- 
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CHEMISTRY 


Roaming Reaction Pathways 
Along Excited States 


Meredith J. T. Jordan and Scott H. Kable 


ransition state theory (TST) describes 
| chemical reactions in terms of “reac- 
tion coordinates,” usually the coordi- 
nates of atoms involved in breaking and form- 
ing bonds. Typically, there is an energetic bar- 
rier, the transition state (TS), between reac- 
tants and products. In 2004, a reaction mecha- 
nism was reported that seemingly defied the 
tenets of TST (/). In the photodissociation 
of H,CO, one of the hydrogen (H) atoms 
“roamed” around the periphery of the HCO 
core, with no apparent reaction coordinate, 
and abstracted the other H atom to form H, 
and CO. The roaming products showed char- 
acteristic product-state distributions, distinct 
from those arising from a standard TS mech- 
anism. On page 1075 of this issue, Grubb et 
al. (2) use detailed state-selective correlated 
experiments, together with theoretical calcu- 
lations, to show that the photodissociation of 
NO, into NO and O,, an important reaction 
in the atmosphere, occurs via roaming reac- 
tions on both the electronic excited state and 
the ground state of NO;. 

Roaming reactions are at odds with the 
simple TST picture of chemical reactivity. 
Since 2004, roaming has been implicated in 
dozens of photochemical reactions, in ther- 
mal reactions, and in shock tube studies (3). 
Indeed, a consensus is emerging that any bar- 
rierless bond-cleavage process might have a 
roaming mechanism alongside. 

The NO, radical studied by Grubb et al. is 
an important oxidant in atmospheric chemical 
cycles. During the day, NO, is rapidly photo- 
lyzed, forming either NO, and O (reaction 1) 


or NO and O, (reaction 2): 
NO, > NO, +0 (1) 
— O, + NO (low rotation) (2a) 
— O,+ NO (high rotation) (2b) 


Reaction | is a straightforward barrierless 
N-O bond cleavage (4). The mechanism for 
reactional 2, however, has remained a mys- 
tery. No TS has been found at photon energies 
of relevance in the atmosphere. To add to the 
mystery, reaction 2 shows two distinct prod- 
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The photodissociation of NO, into NO and O,, 
an important atmospheric reaction, has no 
transition state but proceeds via an O atom 
roaming around the NO, core. 
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Where the O atoms roam. The schematic shows the energetics of the formation of products of NO; photo- 
dissociation from roaming on two electronic states. The structures corresponding to various points along the 
reaction (a to d) are shown below. (a) An O atom almost dissociating to NO, + O, but instead roaming around 
the core on the excited state in the van der Waals region. There is a conical intersection (C.I.) in the roaming 
region, which extensively mixes the ground and excited states (b). From here, the system can return to reac- 
tant in either state or produce products on either state. The A” and A’ A-doublet states of the NO product 
(c and d) reveal which electronic state is responsible for the molecular products. 


uct state distributions, suggesting two distinct 
pathways (5). In reaction 2a, the NO is in a 
low rotational state, and the excess energy is 
carried by a highly vibrationally excited O,. 
In reaction 2b, the excess energy is carried by 
a highly rotationally excited NO, and the O, 
is vibrationally cold. The product-state distri- 
butions from reaction 2a have the same char- 
acteristics as the roaming reaction in H,CO 
photolysis (/, 5), which suggests that a similar 
roaming mechanism on the ground (X) state 
of NO, is responsible. Reaction 2b had been 
thought to arise from an undiscovered TS. 
Recently, however, it was proposed that roam- 
ing in the first excited (A) electronic state of 
NO, might be responsible (6). 

The pathways from the X and A states to 
products formed by reaction | and the roam- 
ing products formed by reaction 2a and reac- 
tion 2b are shown in the figure (the ground 
state in blue and the excited state in red). Pho- 
toexcitation results in rapid production of 
NO, in the A state (6). Slightly below the NO, 
+ O asymptote is the roaming region, shown 
as dashed lines. 

If the incipient O + NO, products have 


insufficient relative translational energy, the 
O atom roams around the NO, core in the 
region of van der Waals contact (see a in 
the figure). Morokuma and co-workers have 
identified several local minima and transition 
states in this region on both X and A states 
(6), illustrated by the wavy lines. They also 
identified a conical intersection (C.I.) in the 
roaming region that facilitates efficient inter- 
nal conversion between the two electronic 
states (see b in the figure). Roaming pathways 
on both states lead to the same products, so 
the experimental challenge was to distinguish 
the two mechanisms. 

Fortunately, NO; is a radical with an 
unpaired electron, and Grubb et al. used the 
alignment of this electron (in the pz orbital 
of the NO fragment of NO,) as a fingerprint 
of roaming on the X and A states (5). When 
the departing NO fragment spins away from 
its O, partner, the lobe of the pz orbital may 
lie in, or out of, the NO plane of rotation 
(see c and d in the figure). These are mani- 
fest as spectroscopically distinct A-doublet 
states of the free NO radical. Grubb ef al. 
found that reaction 2b (rotationally excited 
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NO) was associated almost exclusively with 
the A” A-doublet state (see d in the figure), 
which is consistent only with reaction on the 
excited electronic state. NO formed via reac- 
tion 2a (rotationally cold) had a larger contri- 
bution from the A’ A-doublet component (d), 
in agreement with theoretical predictions for 
reaction on the ground state. Thus, all atmo- 
spheric production of NO + O, from NO, is 
mediated by roaming O atoms. 

Grubb et al. not only solve a long-stand- 
ing puzzle in atmospheric chemistry but also 
demonstrate roaming on an excited electronic 
state, which may be observed in other reac- 
tions. We can reflect on what properties of 
the A state of NO, might be important in sup- 
porting roaming. First, because of symmetry 


restrictions, the A state cannot radiate back to 
the ground state. Second, the only energeti- 
cally accessible conical intersections between 
the A and X states are in the roaming region 
of configuration space. (6). Third, the A state 
is nested inside the X state and correlates 
with the same asymptotic products; no repul- 
sive states cross the A state. These three fac- 
tors together mean that the A state is metasta- 
ble, and this long lifetime is likely to be cru- 
cial for roaming. 

Roaming on the X and A states involves 
very large excursions on the potential energy 
surfaces in regions where the difference in 
electronic energy is very small. These dynam- 
ics are ripe for the breakdown of the Born- 
Oppenheimer approximation. Recently, 
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roaming was also implicated in photoisomer- 
ization (7). Ifroaming contributes to dissocia- 
tion, isomerization, and nonradiative curve 
crossings, and is as ubiquitous as it appears, 
then the challenge to incorporate roaming into 
reaction schemes and kinetic models is con- 
siderable indeed. 
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CELL SIGNALING 


Structural Origins 


Stephen R. Sprang and Jackson Chief Elk 


umans express more than 800 G pro- 
Herecnte receptors (GPCRs), 

through which myriad physiologi- 
cal, immune, and neurophysiological pro- 
cesses are regulated (/). These receptors are 
embedded in the cell’s plasma membrane 
and bind to extracellular chemical stimuli 
(agonists). This interaction induces confor- 
mational changes in the receptor that con- 
verge at intracellular sites that bind to either 
heterotrimeric guanine nucleotide—binding 
proteins (G proteins) or to B-arrestin pro- 
teins that block G protein binding 
and lead to receptor desensitiza- 
tion and internalization, as well 
as provide a scaffold for protein 
regulatory complexes that control 
gene expression (2). Many ago- 
nists induce functionally selective 
or biased states of the receptor, 
wherein one pathway is activated 
with greater efficacy than another 
(3). Thus, GPCRs are not simple 
on-off switches, but can adopt 
multiple conformational states 
to control diverse processes. On 
page 1106 of this issue, Liu et 
al. (4) provide clues as to how a 
GPCR called the B,-adrenergic 
receptor (f,AR) can tune its con- 
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G protein signaling pathways 


of Receptor Bias 


formation to achieve a balance of functional 
outcomes, as directed by the chemical struc- 
ture of the receptor agonist. 

Like all GPCRs, the polypeptide chain of 
the B,AR traverses back and forth across the 
membrane, forming a series of seven-trans- 
membrane (TM) © helices (see the figure). 
Ligands occupy a site that is deep within the 
receptor but accessible to the extracellular 
environment. Adrenergic receptor agonists 
are typically composed of a cyclic aromatic 
“head” group and an alkyl-amine “tail.” 


Agonist (isoproterenol) 


TM7 


™M5/6 ~ 
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f-Arrestin signaling pathways 


Agonists can elicit pathway-specific 
conformational changes in a G 
protein—coupled receptor. 


Crystal structure analyses of the B, AR and 
B,AR reveal that the head group reinforces 
contacts between TM5 and TM6, whereas 
the amine substituent stabilizes interactions 
between TM3 and TM7 (5, 6). Conforma- 
tional changes upon ligand binding fol- 
low a common theme in the three activated 
GPCRs, including the B,AR, that have so 
far been crystallized (7-9). Local structural 
perturbations induced by agonist binding 
are transduced into a concerted outward dis- 
placement of TM5 and TM6, which opens a 
pocket on the intracellular surface 
of the receptor that accepts the 
G protein. Binding of B-arrestin 
to GPCRs requires the addition 
of phosphate groups at specific 
sites on the intracellular surface 
of the receptor by GPCR protein 
kinases. This phosphorylation 
occurs at a separate site, beyond 
TM7, toward the C terminus of 
the receptor. Structural changes 


Functionally selective. Binding of 
agonists to the B,AR results in confor- 
mational changes that displace TMS 
and TM6 (green) and/or TM7 (blue). 
The conformational changes permit G 
protein (Gs) binding or receptor phos- 
phorylation (P) and B-arrestin binding. 
B-arrestin binding blocks G protein sig- 
naling. The aromatic moiety of the ago- 
nist (isoproterenol shown) contacts TMS 
and TM6, whereas the hydroxylamine 
substituent interacts with TM3 and TM7. 
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at the intracellular side of TM6 and TM7 
would therefore be diagnostic of ligands that 
show selective agonism toward G protein or 
B-arrestin signaling pathways. 

To monitor the structural consequences 
of agonist binding, Liu ef al. attached fluo- 
rine-19 (°F) probes to cysteine residues at 
the intracellular ends of TM6 and TM7. The 
nuclear magnetic resonance (NMR) spec- 
trum of '’F is sensitive to its chemical envi- 
ronment and to the dynamic behavior of 
the site to which it is attached. The spectra 
revealed that TM6 and TM7 are each in equi- 
librium between two distinct conformations 
in the basal, ligand-free state of the receptor. 
By correlating the relative population in each 
state with agonist potency, the authors could 
assign each spectral component to either the 
active or inactive state for G protein and for 
B-arrestin pathway activation. 

Most ligands induced roughly equivalent 
shifts toward activating TM6 or TM7 accord- 
ing to their relative potency. A particularly 
informative antagonist, carvedilol, induced a 
strong shift toward the TM7 active state but 
had little effect on the conformational equi- 
librium at TM6. This antagonist not only 
blocks G protein signaling but also induces 
receptor desensitization and internalization 
(10). Drugs such as carvedilol are prototypes 
for biased agonists that focus signaling along 
a specific pathway. Site-specific NMR probes 
like those used by Liu ef al. provide direct 
structural assays to guide the design of such 
functionally specific ligands. 


Fluorescence studies performed in the 
past decade had already revealed a hierar- 
chy of discrete structural states that can be 
induced by agonists of varying potency (par- 
tial agonists) (/ /—/3). The weakest agonists 
loosen interactions (the “ionic lock” and 
“toggle’’) that hold TM3 and TM6 in the inac- 
tive state—sufficient for coupling the recep- 
tor to a G protein. Receptor interactions with 
the polar substituents of the aromatic “head” 
group of the ligand are critical for this trans- 
duction pathway. More potent agonists also 
perturb the Asn-Pro-x-x-Tyr (NPxxY, where 
“x” is any amino acid) sequence of TM7 that 
permits phosphorylation of the receptor and 
subsequent f-arrestin binding. Substituents 
appended to the hydroxylamine “tail” of the 
ligand influence its ability to activate this 
pathway, large nonpolar groups being particu- 
larly effective. Supercomputers “hardwired” 
for molecular dynamics calculations have 
been used to simulate multimicrosecond tra- 
jectories of the B,AR in the membrane (/4). 
These calculations provide structural insight 
into spectroscopically observed intermediate 
agonist-bound states in which the ionic lock 
is broken while the transition in the NPxxY 
motif has not yet occurred. That certain ago- 
nists can stimulate B-arrestin, but not G pro- 
tein signaling, suggests parallel rather than 
hierarchical modes of activation. Neverthe- 
less, how any particular mode of agonist- 
receptor interaction stabilizes a unique con- 
formational ensemble of the receptor is, for 
the most part, a mystery. 


Agonist-induced receptor bias for G pro- 
tein versus B-arrestin signaling is one of many 
instances of the plastic and multistate behav- 
ior characteristic of GPCRs (/5). Many recep- 
tors couple to more than one class of G pro- 
tein, and hence can drive alternative signaling 
pathways, depending on the chemical struc- 
ture of the agonist. Dimerization between the 
same or different classes of receptor signal- 
ing, and allosteric modulators that bind at loci 
other than the agonist site, also affect GPCR 
function. The challenge is to construct com- 
putational models that account for the spe- 
cific effects of ligands—and of other protein 
partners in the membrane—on the energetic 
landscape of receptor conformational states, 
to predict how these will translate into specific 
biological outcomes. 
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Origins of Cumulative Culture 


Robert Kurzban’ and H. Clark Barrett? 


epresentations in the minds of 21st- 
R aes Londoners include con- 

cepts—derivatives trading, personal 
computer, suicide bomber—that could not 
have been entertained by their 1 1th-century 
counterparts; in contrast, we can reasonably 
guess that the concepts in the minds of chim- 
panzees and capuchins separated by centu- 
ries, or even millennia, are not very different 
from one another. What is it about our species 
that allows for the gradual accumulation of 
knowledge (see the figure)? On page 1114 of 
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this issue, Dean ef al. (/) take an important 
step toward understanding the psychological 
underpinnings of human cumulative culture. 

A plausible answer to the above ques- 
tion lies in the mechanisms that humans pos- 
sess—but other species lack—for acquiring 
information from conspecifics. For instance, 
humans, but not other species, imitate what 
others are doing from a very young age in 
a strikingly sophisticated way, not merely 
mimicking another person’s particular body 
movements, but performing actions to 
accomplish the goal that the other person can 
be inferred to have in mind (2). This behavior 
requires complex computational machinery, 
including mechanisms that can make infer- 
ences about invisible intentions and goals 


Why does human culture accumulate, but that 
of other species do not? 


based only on visible patterns of motion (3). 

Researchers have made progress in under- 
standing some of the computational mecha- 
nisms that underlie the transmission of infor- 
mation from one human brain to another— 
that is, social learning. Language acquisition 
is an obvious example (4). Advances have 
similarly been made in understanding aspects 
of the mechanisms that guide acquisition of 
knowledge in other domains, such as super- 
natural beliefs (5) and food choice (6). 

One approach to such questions is to con- 
sider the relationship between form and func- 
tion. A hypothesis that a given psychological 
mechanism has a particular function can be 
tested with behavioral experiments. In a clas- 
sic study, Garcia and Koelling (7) showed that 
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rats more readily learn to associate a flavor 
with nausea than they do a visual stimulus; 
this observation suggests that the underly- 
ing learning mechanism was designed spe- 
cifically to learn about dangerous foods 
rather than to form more general associa- 
tions between experiences and outcomes. In 
humans, specialized social learning mecha- 
nisms that enable the accumulation of locally 
relevant knowledge might have evolved in 
part to facilitate survival across very different 
ecological conditions (8). Various design fea- 
tures have been proposed, including learning 
biases such as a tendency to imitate locally 
prestigious individuals (6). 

Dean et al. took a comparative approach 
to identifying the mechanisms responsible 
for cumulative cultural evolution in humans. 
They used a standard method for examining 
social learning of a complex procedure—a 
puzzlebox with multiple stages—and tested 
human children, chimpanzees, and capuchins 
on the task. The authors reasoned that if par- 
ticular factor, such as imitation, is a cause of 
cumulative culture, then two results should 
be observed. First, species that imitate should 
perform better on the task. Second, when imi- 


Accumulation of human culture. Over 
successive generations of chimpanzees, 
the complexity of mental representations 
remains relatively constant. In contrast, 
over successive generations of humans, 
mental representations can increase in 
complexity, as revealed in, for instance, 
increasingly sophisticated cultural arti- 
facts and their associated behaviors. 


tation does occur in a given species, it should 
be positively correlated with task perfor- 
mance. On the basis of their data, the authors 
suggest that the hypotheses that fare best are 
the ones that assign a key role to social cog- 
nition: pedagogy, communication, imitation, 
and prosociality. 

This work provides many valuable new 
insights into the question of cumulative cul- 
ture. However, the human species is unique, 
with its own particular package of psycho- 
logical elements, and assigning subjects ran- 
domly to species is, of course, impossible. It 
is thus difficult to draw strong causal conclu- 
sions based on differences between humans 
and other primates, and the usual difficulties 
for inferring causality from correlational data 
apply. Unmeasured third variables might be 
responsible for both between-species differ- 
ences and within-species effects. 

For example, the products of the gradual 
accumulation of culture in humans include 
elaborate, hierarchically organized represen- 
tations such as formal mathematics and the 
rules of language. Thus, a capacity to form 
complex concepts or other unmeasured cog- 
nitive abilities, such as skills of causal infer- 


PERSPECTIVES 


ence (9) or the ability to make inferences 
about the mental states of others (3), might 
influence both performance on the puzzlebox 
and the degree of imitation and pedagogy. 

As an analogy, suppose that we want to 
know why certain birds can recall the loca- 
tions of thousands of seeds while humans 
lack this ability (0). We hypothesize that 
the reason has to do with flying ability. We 
present humans and Clark’s nutcrackers with 
a caching task, measuring how many seeds 
were recovered in a minute, and find that the 
humans do poorly while the birds excel. We 
also observe a positive correlation between 
flying ability and performance among the 
nutcracker group. Would we conclude that 
these data support the hypothesis that fly- 
ing is necessary for the evolution of excellent 
spatial memory capacity? 

Moreover, it seems likely that gradual 
accumulation of knowledge requires a num- 
ber of computational mechanisms, and that 
these mechanisms evolved in some complex 
sequence over time, each system influencing 
the evolution of other systems. In that case, 
adaptations currently part of the set of human 
mental capacities may or may not be respon- 
sible for the initial evolutionary divergence 
of human cultural capacities. In short, finding 
psychological differences between species in 
the present does not in itself afford the infer- 
ence that these differences led to divergence 
in the domain in question. 

Ratcheting cultural evolution is a mile- 
stone of human evolution, setting us apart 
from all other species. In a few tens of thou- 
sands of years, humans have gone from a rel- 
atively small population of Pleistocene hom- 
inins to a globally dominant species, aided 
mightily by our abilities of cultural transmis- 
sion and the increasingly elaborate cultural 
products to which these abilities give rise. 
These abilities explain, in part, the cultural 
evolution of scientific methods that allow us 
to test hypotheses about our own evolution, 
such as those explored by Dean et al. 
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Ocean acidification may have severe consequences for marine ecosystems; however, assessing 

its future impact is difficult because laboratory experiments and field observations are limited by 
their reduced ecologic complexity and sample period, respectively. In contrast, the geological 
record contains long-term evidence for a variety of global environmental perturbations, including 
ocean acidification plus their associated biotic responses. We review events exhibiting evidence 
for elevated atmospheric CO2, global warming, and ocean acidification over the past ~300 million 
years of Earth's history, some with contemporaneous extinction or evolutionary turnover among 
marine calcifiers. Although similarities exist, no past event perfectly parallels future projections 
in terms of disrupting the balance of ocean carbonate chemistry—a consequence of the 
unprecedented rapidity of COz release currently taking place. 


merous examples of biotic responses to 

natural perturbations in global carbon cy- 
cling and climate change (Fig. 1), some of which 
could have been caused by large-scale ocean 
acidification. By reconstructing past changes in 
marine environmental conditions, we can test hy- 
potheses for the causes and effects of future- 


T= geological record is imprinted with nu- 
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relevant stressors such as ocean acidification on 


acidification must be unambiguously identified. 
In recent years, a variety of trace-element and 
isotopic tools have become available that can be 
applied to infer past seawater carbonate chemis- 
try. For instance, the boron isotopic composition 
(8''B) of marine carbonates reflects changes in 
seawater pH, the trace element (such as B, U, and 
Zn}-to-calcium ratio of benthic and planktic for- 
aminifer shells records ambient [CO%_], and the 
stable carbon isotopic composition (8'°C) of or- 
ganic molecules (alkenones) can be used to es- 
timate surface ocean aqueous [CO,] (2). 
Because direct ocean geochemical proxy 
observations are still relatively scarce, past ocean 
acidification is often inferred from a decrease in 
the accumulation and preservation of CaCO; in 
marine sediments, potentially indicated by an in- 
creased degree of fragmentation of foraminiferal 
shells (3). However, it is difficult to distinguish 
between the original calcification responses to 
chemical changes in the surface ocean and post- 
mortem conditions at the sea floor. For instance, 
planktic calcifiers may secrete heavier or lighter 
shells (4), but that signal may be modified at the 
sea floor through dissolution or overgrowth after 


ecosystems (/). However, for the fossil record to 
be of direct utility in assessing future ecosystem 
impacts, the occurrence and extent of past ocean 


deposition (5, 6). This duality can introduce con- 
troversy over the identification of causes and 
effects, the drivers of biological change, and 
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Fig. 1. Idealized diversity trajectories of the calcareous and organic fossil lineages discussed in the text. 
Extinction and radiation suggest events of major environmental change throughout the past 300 My. 
Calcareous plankton is shown in black, calcareous benthos in blue, and organic fossils in green, and the 
line thickness indicates relative and smoothed species richness. Highlighted events (vertical red lines) 
have been associated with potential ocean acidification events (Fig. 4). Calcareous organisms were not 
uniformly affected at all times, suggesting the importance of synergistic environmental factors to ex- 
tinction, adaptation, and evolution as well as different sensitivity due to physiological factors. Iden- 
tification of a paleo-ocean acidification event therefore requires independent geochemical evidence 
for ocean chemistry changes. Images of organisms are exemplary. References and further information 
on the displayed organisms are available in the supporting online material. 
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Fig. 2. When CO, dissolves in seawater, it reacts with water to form carbonic 
acid, which then dissociates to bicarbonate, carbonate, and hydrogen ions. The 
higher concentration of hydrogen ions makes seawater acidic, but this process 
is buffered on long time scales by the interplay of seawater, seafloor carbonate 
sediments, and weathering on land. Shown are the major pathways of reduced 
carbon (black) and of alkalinity (yellow). Processes leading to ocean acid- 
ification and/or reduction of CaCO3 saturation are indicated in red, and pro- 


whether past intervals of ocean acidification 
are characterized by environmental conditions 
relevant for the near future. Coeval changes in 
ocean circulation will also introduce regional 
biases in proxy records and hence affect global 
interpretations. 

Here, we review the factors controlling ocean 
acidification, describe evidence for the occurrence 
of ocean acidification events in the past, and dis- 
cuss the potential as well as weaknesses of the 
geological record in helping us predict future eco- 
system changes. 


Is Ocean Acidification Primarily a 
pH-Decline Phenomenon? 


The current rate of anthropogenic CO) release 
leads to a surface ocean environment charac- 
terized not only by elevated dissolved CO2 and 
decreased pH (7) but, critically, decreased satura- 
tion with respect to calcium carbonate (CaCO3), 
a compound widely used by marine organisms 
for the construction of their shells and skeletons 
(8). In contrast, slower rates of CO> release lead 
to a different balance of carbonate chemistry 
changes and a smaller seawater CaCO; saturation 
response, which may induce differential biotic 
response or even no response at all, invalidating a 
direct analog. The reason for a smaller saturation 
response to slow CO} release is that the alkalinity 
released by rock weathering on land must ulti- 
mately be balanced by the preservation and burial 
of CaCO; in marine sediments (Fig. 2), which 


2008 La Nifa state (8). 


itself is controlled by the calcium carbonate sat- 
uration state of the ocean (9). Hence, CaCO 3 
saturation is ultimately regulated primarily by 
weathering on long time scales, not atmospheric 
partial pressure of CO, (Pco2). While weathering 
itself is related to atmospheric Pco> (/0), it is 
related much more weakly than ocean pH, which 
allows pH and CaCO; saturation to be almost 
completely decoupled for slowly increasing at- 
mospheric Pco9. 

Using a global carbon cycle model (2), we 
show the progressive coupling between CaCO; 
saturation and pH as the rate of CO, emissions 
increases and sources (weathering) and sinks 
(CaCO; burial) of alkalinity are no longer ba- 
lanced. For rapid century-scale and thus future- 
relevant increases in atmospheric Pco2, both 
surface ocean pH and saturation state decline in 
tandem (Fig. 3). The projected decrease in ocean 
surface saturation state—here, with respect to 
aragonite (Qzragonite)—is an order of magnitude 
larger for a rapid CO, increase than for a slow 
[100 thousand years (ky)] CO increase. Ulti- 
mately, saturation recovers while the pH remains 
suppressed, reflecting how changes in the oce- 
anic concentrations of dissolved inorganic carbon 
(DIC) and alkalinity make it possible to have 
simultaneously both high CO, and high carbon- 
ate ion concentration saturation ([CO3 ], which 
controls saturation), but with the relatively greater 
increase in [CO,] causing lower pH. The key to 
unlocking the geological record of ocean acid- 


cesses leading to ocean alkalinization and/or CaCO; saturation increases are 
indicated in blue. Anthropogenic perturbations are marked in italics. Ap- 
proximate fluxes are printed in parentheses (PgC year~*), whereas reservoir 
inventory values are shown in brackets [PgC]. Natural carbon cycle fluxes are 
from (70); anthropogenic fluxes for 2008 are from (57), which for the land 
sink is significantly above its 1990-2000 average of 2.6 PgC year * due to the 


ification is hence to distinguish between long- 
term steady states and transient changes. We use 
the term “ocean acidification event” for time in- 
tervals in Earth’s history that involve both a re- 
duction in ocean pH and a substantial lowering 
of CaCO; saturation, implying a time scale on 
the order of 10,000 years and shorter (Fig. 3). 


Indications of Paleo-Ocean Acidification 


With these criteria in mind, we review (in reverse 
chronological order) the intervals in Earth’s history 
for which ocean acidification has been hypothe- 
sized, along with the evidence for independent 
geochemical and biotic changes. We confine this 
review to the past ~300 million years (My) be- 
cause the earlier Phanerozoic (and beyond) lacks 
the pelagic calcifiers that not only provide key 
proxy information but also create the strong deep- 
sea carbonate (and hence atmospheric Pco>) buf- 
fer that characterizes the modern Earth system 
(9). Our criteria for identifying potentially future- 
relevant past ocean acidification are (i) massive 
CO, release, (11) pH decline, and (iii) saturation 
decline. We also discuss evidence for the time 
scale of CO, release, as well as for global warming. 
Events are given a similarity index that is based 
on available geochemical data (table S1) and are 
indicated in Fig. 4A. 

Late Pleistocene deglacial transitions. The 
last deglaciation is the best documented past event 
associated with a substantive (30%) CO rise: 
189 to 265 patm between 17.8 to 11.6 ky before 
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the present (B.P.) (//). Boron isotope estimates 
from planktic foraminifers show a 0.15 + 0.05 
unit decrease in sea surface pH (/2) across the 
deglacial transition—an average rate of decline 
of ~0.002 units per 100 years compared with the 
current rate of more than 0.1 units per 100 years 
(table S1). Planktic foraminiferal shell weights 
decreased by 40 to 50% (4), and coccolith mass 
decreased by ~25% (/3). In the deep ocean, 
changes in carbonate preserva- 
tion (/4), pH [from foraminiferal 
8''B (15)] and [CO} ] [from 
foraminiferal B/Ca and Zn/Ca 
(16, 17)| differed between ocean 
basins, reflecting covarying 
changes in deep-water circula- 
tion and an internal carbon shift 


> 


Atmospheric 
Pco, (yatm) 


per mil (%o)] negative 8°C excursions (23) 
associated with pronounced decreases in calci- 
um carbonate preservation (24). Depending on 
the assumed source, rate, and magnitude of CO, 
release (25), a 0.25 to 0.45 unit decline in surface 
seawater pH is possible, with a reduction in mean 
surface ocean aragonite saturation from Q = 3 
down to 1.5 to 2 (1). The calcite compensation 
depth (CCD) (8) rose by ~2 km to shallower than 


within the ocean. The regional 
nature of these variations high- 
lights the general need for careful 
evaluation of regional versus glob- 
al effects in paleo-studies. 
Oligocene—Pliocene. The cli- 
mate of the Oligocene to Plio- 


Mean ocean 
surface pH,y. 


cene [34 to 2.6 million years ago 
(Ma)] contains intervals of ele- 
vated temperature and modest 
deviations of atmospheric Pcoz 
from modern values (Fig. 4). Of 
particular interest has been the 
Pliocene warm period [3.29 to 
2.97 Ma (78, 19)], which is char- 


i?) 


Mean ocean 
surface 0), sconite 


acterized by global surface tem- ies 


peratures estimated to be ~2.5°C 
higher than today (79), atmospher- 
ic Pcoz between 330 to 400 watm 
(Fig. 4C) (18, 20), and sea surface 
PH(r ~0.06 to 0.11 units lower 
(8) than the preindustrial. Eco- 
logical responses to the warming 
include migration of tropical for- 
aminifer species toward the poles 
(21), but there are no documented 
calcification responses or increased 
nannoplankton extinction rates 
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(22). The early to middle Miocene a 
(23 to 11 Ma) and Oligocene (34 
to 23 Ma) were also character- 
ized periods of elevated temper- 
atures and slightly higher Pcoz 
compared with preindustrial val- 
ues (Fig. 4C) but, because of their 
long duration, were not associ- 
ated with changes in CaCO; sat- 
uration (Fig. 3C). 
Paleocene—Eocene. Evidence 
for rapid carbon injection asso- 
ciated with the Paleocene—Eocene 
Thermal Maximum (PETM, 56 
Ma) as well as a number of smaller 
transient global warming events 
(hyperthermals) during the late 
Paleocene and early Eocene (58 
to 51 Ma) comes primarily from 
observations of large [up to —4 


Time to a doubling of Pco, (years) 


+ i + i + 
8.1 8.0 7.9 
Mean surface pH 
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Fig. 3. The trajectories of mean ocean surface pH and aragonite 
saturation (Q.ragonite) become progressively decoupled as the rate of 
atmospheric Pcoz change increases. The four panels show the results 
of a series of experiments in an Earth system model (2). (A) Prescribed 
linear increases of atmospheric Pcoz (on a logy scale) from x1 to x2 
preindustrial CO2, with the different model experiments spanning 
a range of time scales (but experiencing the same ultimate CO, 
change). (B) Evolution of mean surface pH in response to rising CO>. 
(©) Evolution of mean surface Qaragonite- (D) A cross-plot illustrating 
how Qiragonite is progressively decoupled from pH as the rate of Pcoz 
increase slows, with future-relevant rate of Pcoz increase showing a 
diagonal trajectory from top left to bottom right, whereas slow Pco2 
increases result in an almost horizontal trajectory toward lower pH 
with very little saturation change. All plots are color-coded from red 
(“fast”) to blue (“slow”). These model results include both climate 
and long-term (silicate) weathering feedback. See (2) and fig. $1 for 
the role of these and other feedbacks. 


1.5 km in places (24) (compared with >4 km 
today). Although a pH decrease or Pco increase 
remains to be confirmed by geochemical proxies 
for any of the hyperthermal events, the amount 
of carbon injected can be modeled on the basis 
of consistent carbonate 8!°C and CCD changes, 
yielding between ~2000 and 6000 PgC for the 
onset of the PETM (26, 27). However, as with the 
last glacial transition, deep sea geochemistry ap- 
pears strongly modulated by regional ocean cir- 
culation changes (28), which adds an additional 
layer of complexity to global extrapolation and 
highlights the importance of adequate spatial cov- 
erage of the data. 

PETM sediments record the largest extinction 
among deep-sea benthic foraminifers of the past 
75 My (29), and a major change in trace fossils 
indicates a disruption of the macrobenthic com- 
munity (30). However, the covariation of ocean 
acidification, warming, and corresponding oxygen 
depletion (fig. S2) (23) precludes the attribution of 
this extinction to a single cause (/, 29). In shallow 
water environments, a gradual shift from calcar- 
eous red algae and corals to larger benthic foramin- 
ifers as dominant calcifiers started in the Paleocene 
and was completed at the PETM with the collapse 
of coralgal reefs and larger benthic foraminiferal 
turnover (3/). This event is recognized as one of 
the four major metazoan reef crises of the past 
300 My (Fig. 1) (32). In marginal marine settings, 
coccolithophore (33) and dinoflagellate cyst (34) 
assemblages display changes in species compo- 
sition, but these are interpreted to reflect sensitiv- 
ity to temperature, salinity stratification, and/or 
nutrient availability (34, 35), not necessarily acid- 
ification (fig. S2). In the open ocean, the occur- 
rence of deformities in some species of calcareous 
nannoplankton has been described (36), but de- 
spite a strong change in assemblages, there is no 
bias in extinction or diversification in favor of 
or against less or more calcified planktic spe- 
cies (37). 

Cretaceous and Cretaceous-Paleogene. The 
well-known mass extinction at 65 Ma is gener- 
ally accepted to have been triggered by a large 
asteroid impact (38). In addition to potential ter- 
restrial biomass or fossil carbon burning, the im- 
pact may have caused the emission of SO, from 
vaporized gypsum deposits at the impact site 
and/or nitric acid aerosols produced by shock 
heating of the atmosphere, which could have led 
to acid rain and hence potentially to rapid acid- 
ification of the surface ocean (38). Although 
planktic calcifiers exhibited elevated rates of ex- 
tinction and reduced production (22, 39), reef 
corals did not experience a major extinction (32), 
and benthic foraminifers were not affected in ei- 
ther shallow or deep waters (29). Because mul- 
tiple environmental changes covaried and proxy 
data for marine carbonate chemistry are not yet 
available, unambiguous attribution of the planktic 
extinctions to any one driver such as ocean acid- 
ification is currently not possible. 

The earlier Cretaceous (K) (Fig. 4A) is gen- 
erally a time of massive chalk deposition (mainly 
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in the form of nannofossil calcite), 
as well as one of elevated Pco 
(Fig. 4B) and lower pH (Fig. 4D). 
This association can be miscon- 
ceived as evidence that marine 
calcification will not be impaired 
under conditions of low pH in the 
future. However, this reasoning is 
invalid because extended periods 
of high Pco, (Fig. 4B) do not nec- 
essarily result in a suppressed sea- 
water calcite saturation state (Fig. 3) 
(J, 40), which exerts an impor- 
tant control on organisms’ calcifi- 
cation (4/). 

Cretaceous and Jurassic oce- 
anic anoxic events. The Mesozoic 
oceanic anoxic events (OAEs) (in 
particular, OAE 2 ~93 Ma, OAEla 
~120 Ma, and Toarcian OAE ~183 
Ma) were intervals during which 
the ocean’s oxygen minimum and 
deep anoxic zones expanded mark- 
edly (42). The onsets of these OAEs 
have been linked to the emplace- 
ment of large igneous provinces, 
degassing large amounts of CO, 
and associated environmental con- 
sequences of warming, lower oxy- 
gen solubility, and possibly ocean 
acidification (42). Some of the 
Cretaceous OAEs were associated 
with turnover in plankton commu- 
nities (43). Deformities and some 
minor size reduction in coccoliths, 
as well as a massive increase in 
the abundance of heavily calcified 
nannoconids, have been observed 
(44, 45). However, similar to more 
recent events, there is difficulty in 
unequivocally attributing observa- 
tions to surface water acidification 
given the covariation of environ- 
mental changes (46). 

Because most old sea floor 
(~180 Ma or older) is subducted, 
the sedimentary record of the 
Toarcian OAE is now restricted to former con- 
tinental margins. Sedimentary organic and inor- 
ganic carbon deposits display initially negative, 
followed by positive 8'°C excursions, which is 
consistent with an influx of CO, into the at- 
mosphere followed by organic carbon burial 
(42). The negative isotopic transition occurs in 
distinct negative 5'7C shifts, each estimated to 
occur in less than 20 ky (47) and possibly in as 
little as 650 years (48). The Toarcian OAE is 
associated with a reef crisis that was particularly 
selective against corals and hypercalcifying 
sponges (animals with a large skeletal-to— 
organic biomass ratio) (Fig. 4B) (32) and with a 
decrease in nannoplankton flux (49). Again, 
these observations could have been a response 
to any one or combination of a number of dif 
ferent contemporaneous environmental changes. 
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Triassic—Jurassic. The Triassic—Jurassic (T/J) 
mass extinction is linked to the coeval emplace- 
ment of the Central Atlantic Magmatic Province 
(50). Proxy records across the T/J boundary 
(~200 Ma) suggest a doubling of atmospheric 
Pco2 over as little as 20 ky (5/, 52), although 
the absolute Pco; estimates differ greatly between 
proxies, with leaf stomata suggesting an increase 
from 700 to 2000 jratm, whereas pedogenic car- 
bonates indicate an increase from 2000 to 4400 
uatm (Fig. 4C) (2). Decreased carbonate satura- 
tion is inferred from reduced pelagic carbonate 
accumulation in shelf sediments (53), although 
shallow water carbonate deposition can vary in 
response to many parameters, not only acidifica- 
tion. A calcification crisis amongst hypercalcify- 
ing taxa is inferred for this period (Fig. 4B), with 
reefs and scleractinian corals experiencing a near- 


REVIEW 


Fig. 4. Compilation of data-based 
[(B) and (Q)] and model-reconstructed 
[(©) and (D)] indicators of global 
carbon cycle evolution over the 
past 300 My together with candi- 
date ocean acidification events (A). 
(A) Summarization of the degree to 
which events (table $1) have some 
similarity to modern ocean acidifica- 
tion. The similarity index (table $1) 
is color-coded, where red indicates 
3/most similar, orange indicates 
2/partly similar, and yellow indicates 
1/unlike. (B) Proxy-reconstructed 
atmospheric Pco2 (2) grouped by 
proxy: yellow circles indicate paleo- 
sol 873C, light blue squares indicate 
marine phytoplankton 57°C, red 
triangles indicate stomatal indices/ 
ratios, dark blue inverted triangles 
indicate planktic foraminiferal 577B, 
green five-pointed stars indicate 
liverwort 5°°C, purple six-pointed 
stars indicate sodium carbonates, 
with 10-My averages shown by gray 
bars. For plotting convenience, es- 
timates exceeding 3000 yatm are not 
shown [primarily paleosol §°°C from 
the uppermost Triassic/lowermost 
Jurassic (2)]. (C) Ocean Mg/Ca ratios 
(red triangles, left axis), reconstructed 
from fluid inclusions (2) and echino- 
derm fossil carbonate [red squares 
(71)] together with the Phanerozoic 
seawater model of (72) (red line). 
Also shown (blue circles, right axis) 
is [Ca2*] from fluid inclusions (2) 
and models [blue line (72)]. (D) 
Model-reconstructed changes in 
mean ocean surface pH at 20-My 
intervals [black line (73)]. 
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total collapse (32). However, the observation that 
tropical species were more affected than extra- 
tropical species suggests that global warming may 
have been an important contributor or even dom- 
inant cause of this extinction (32). 
Permian—Triassic. The Permo—Triassic (P/T) 
mass extinction (252.3 Ma) was the most severe 
of the Phanerozoic Era and coincided, at least in 
part, with one of the largest known continental 
eruptions, the Siberian trap basalts. Recent es- 
timates for the total CO; release put it at ~13,000 
to 43,000 PgC in 20 to 400 ky (54-56)—an an- 
nual carbon release of ~0.1 to 1 PgC [compared 
with 9.9 PgC in 2008 (57)]. There is some obser- 
vational evidence for carbonate dissolution in 
shelf settings (54), but its interpretation is again 
debated (58). There is abundant evidence for 
ocean anoxia, photic zone euxinia (enrichment in 
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hydrogen sulfide) (59), and strong warming (54), 
but no direct proxy evidence for pH or carbonate 
ion changes. Knoll et al. (59) inferred the prefer- 
ential survival of taxa with anatomical and phys- 
iological features that should confer resilience 
to reduced carbonate saturation state and hyper- 
capnia (high CO, in blood) and preferential ex- 
tinction of taxa that lacked these traits, such as 
reef builders (32). 


Is There a Geologic Analog for the Future? 


A number of past ocean carbon-cycle perturbation 
events share many of the characteristics of an- 
thropogenic ocean acidification (Fig. 4 and table 
S1), with the notable exception of the estimated 
rates of CO, release. In the general absence of 
direct proxy evidence for lower pH and reduced 
saturation before the Pliocene, global carbon cycle 
models can be used to infer the magnitude of 
carbon release by fitting observed changes in the 
38°C of calcium carbonates and organic remnants 
(60). However, as well as needing information on 
the source and isotopic composition of the added 
carbon, the time scale of 5'°C change is critically 
important to the estimation of CO, fluxes (25). 
Because of the lack of open-ocean sediments and 
increasingly poor temporal and spatial resolution 
of the geological record further back in time, it is 
difficult to place adequate constraints on the 
duration and rate of CO, release. Radiometric 
dating techniques are not accurate enough to 
identify Mesozoic intervals of 10-ky duration, 
although orbital spectral analysis of highly 
resolved isotope and/or sedimentological records 
can help to partly overcome this—for example, 
if a 8'°C excursion is shorter or longer than one 
precession cycle [21 ky (5/)]. Even for the well- 
studied PETM, the duration of the main phase 
of this carbon injection is still debated (35, 6/), 
and model-inferred peak rates of <1 PgC per 
year (26, 61) could potentially be an underestimate. 

Additional complications arise because car- 
bon may not have been released at a uniform rate 
and, in the extreme, may have occurred in the 
form of rapid pulses. In such cases, the assump- 
tion of an average emissions rate throughout 
the entire duration of the pulsed release will fail 
to capture the potential for episodes of intense 
acidification. For instance, although the total 
duration of the CO release from the T/J—age 
Central Atlantic Magmatic Province was esti- 
mated to be ~600 ky, pulses as short as ~20 ky 
have been suggested (5/7, 62). Similarly, the main 
phase of OAE]a (excluding the recovery inter- 
val) was ~150 ky (45) and hence too slow for 
carbonate saturation to be significantly affected 
(Fig. 3), but major volcanic eruptions and thus 
rapid CO, release could potentially have produced 
future-relevant perturbations in the carbon cycle. 
Substantially improved chronologies and higher- 
resolution records are needed to refine estimates 
of rate. 

Given current knowledge of the past 300 My 
of Earth’s history (Fig. 4 and table $1), the PETM 
and associated hyperthermal events, the T/J, and 


potentially the P/T all stand out as having excel- 
lent potential as analog events, although the T/J 
and P/T are much more poorly constrained be- 
cause of the absence of deep-sea carbonate de- 
posits. OAEs may also be relevant but were 
associated with less severe volcanism (CO, re- 
lease) than were the older events (P/T and T/J). 
The last deglacial transition, although charac- 
terized by temperature and CO>-increase, is two 
orders of magnitude slower than current anthro- 
pogenic change. It is also thought to largely rep- 
resent a redistribution of carbon within the ocean 
and to the atmosphere and terrestrial biosphere 
and hence did not have as potent and globally 
uniform an acidification effect as an input from 
geological reserves. Because of the decoupling 
between pH and saturation on long time scales 
(Fig. 3), extended intervals of elevated Pco such 
as the middle Miocene, Oligocene, and Cretaceous 
can be firmly ruled out as future-relevant analogs. 


What Are the Perspectives for Using the Geological 
Record to Project Global Change? 


Only rapid or pulsed CO, release events can 
provide direct future-relevant information. As- 
sessment of such events critically depends on 
independent geochemical quantification of the 
associated changes in the carbonate system, spe- 
cifically seawater-pH and CaCO; saturation. Geo- 
chemical proxy estimates are not yet available 
for the Cretaceous and beyond and need to be 
obtained to verify whether ocean acidification 
did indeed happen. This is challenging, because 
in addition to the potential for increasing post- 
depositional alteration and reduced stratigraphic 
exposure, uncertainty over the chemical and iso- 
topic composition of seawater increases and lim- 
its our interpretation of these proxies (63, 64). 
Future studies will have to improve and expand 
geochemical estimates and their uncertainties of 
surface and deep-ocean carbonate chemistry as- 
sociated with carbonate dissolution and ecolog- 
ical changes. This includes finding new archives 
to study the secular evolution of seawater chem- 
istry but also the laboratory study of living proxy 
carriers under conditions mimicking past seawater 
chemistry. An unfortunate aspect of the geolog- 
ical record, however, is the lack of deep-sea car- 
bonates in the Early Jurassic and beyond, which 
further reduces our ability to reconstruct the car- 
bonate chemistry of those older events. 

The sensitivity of ocean chemistry to CO; re- 
lease, and the relationship between induced pH 
and Pco2 changes, vary through time and further 
complicate the picture. For instance, seawater 
calcium and magnesium ion concentrations were 
different in the past (Fig. 4C). This alters the ocean’s 
carbonate ion buffering capacity and hence sen- 
sitivity of the Earth system to carbon perturbation 
(65) because all other things being equal, higher 
ambient Ca** concentrations means that a lower 
carbonate ion concentration is required to achieve 
the same saturation and hence balance weathering. 
Varying seawater Mg/Ca ratios may potentially 
also affect the mineralogy of marine calcifiers, 


where the more soluble high-Mg calcite predom- 
inated Neogene reefs and reefs during the Per- 
mian through Early Jurassic, and more resistant 
low-Mg calcite predominated during the Late 
Jurassic through Paleogene (66). Thus, on this 
mineralogical basis the response of marine cal- 
cifiers to ocean acidification and seawater geo- 
chemistry during the P/T and T/J would arguably 
be closer to the modern than, for example, dur- 
ing the PETM (67). Improved estimates of past 
seawater-Mg/Ca composition are necessary to 
better evaluate all of this. 

Although we have concentrated on the pros- 
pects for extracting information from the geo- 
logical record concerning the impact of ocean 
acidification, we must question whether it really 
is necessary to isolate its effect on marine orga- 
nisms from other covarying factors (68). In par- 
ticular, consequences of increasing atmospheric 
CO) will also be associated with warming in the 
surface ocean and a decrease in dissolved oxy- 
gen concentration (69). Massive carbon release, 
whether future or past, will hence share the same 
combination and sign of environmental changes. 
The strength of the geological record therefore 
lies in revealing past coupled warming and ocean 
acidification (and deoxygenation) events as an 
“integrated” analog, with future and past events 
sharing the same combination and sign of en- 
vironmental changes. However, in additionally 
driving a strong decline in calcium carbonate sat- 
uration alongside pH, the current rate of (mainly 
fossil fuel) CO, release stands out as capable of 
driving a combination and magnitude of ocean 
geochemical changes potentially unparalleled 
in at least the last ~300 My of Earth history, 
raising the possibility that we are entering an 
unknown territory of marine ecosystem change. 
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Turbulence, Cleavage, and the Naked 
Embryo: A Case for Coral Clones 


A. J. Heyward?* and A. P. Negri” 


he successful settlement 
Te coral larvae is criti- 

cal to the persistence 
of fully functional coral reef 
ecosystems (/, 2). An almost 
universal aspect of metazoan 
sexual reproduction is the pres- 
ence of a protective capsule or 
membrane around the fertilized 
egg and early embryo. How- 
ever, reef-building corals pro- 
vide a notable exception, and 
coral spawning events result 
in billions of naked embryos 
floating at the sea surface (2). 
Fertilized coral eggs cleave 
within the first 2 hours after 
spawning and continue to di- 
vide throughout the night to 
produce early-stage larvae the 
next day. During this early de- 
velopmental phase, they are not 
motile, behaving as passive, 
buoyant particles moved about 
by waves and surface currents. 
We have observed that mixing 
or aeration in the laboratory can 
result in embryos of 2, 4, 8, 
and 16 cells disintegrating into irregular groups of 
cells or individual blastomeres. At sea, even gentle 
to moderate sea breezes above 11 knots produce 
small breaking waves, including white caps, 30 cm 
or greater in height (3). The strong shear forces and 
turbulence associated with bubble formation in 
white caps (4) at the sea surface are likely to easily 
exceed laboratory conditions known to fragment 
coral embryos. The most recent decade of wind 
data for four Australian inner, mid-, and outer 
shelf reefs on the central Great Barrier Reef (5) 
show that, on the predicted nights of major coral 
spawning (2), wind speed averaged or exceeded 
11 knots during 52% of spawning events, with a 
third of those events representing higher-category 
winds capable of generating surface waves over a 
meter. We set out to investigate this apparent threat 
to reproductive success during the annual mass 
spawning periods by exposing naturally spawned 
coral embryos to modest experimentally generated 
turbulence, mimicking small white caps. Labora- 
tory experiments confirmed the fragmentation of 
45.4% + 13.1% (SE) of embryos in a coral larval 
cohort after turbulence caused by deliberately pour- 
ing embryos floating in seawater over a vertical 
distance of 30 cm to mimic the minimum wave 
height associated with white cap formation (6). We 
followed the fate of these fragments and, in contrast 
to expectations, noted that it was common for 


Fig. 1. Development of the hard coral A. millepora after fragmentation. Scale bars indicate 
0.5 mm. (A) Mix of fragmented and intact embryos 3 hours postfertilization. (B) Early-stage 
larvae at 12 hours in three classes corresponding to the blastomere sizes of one- , two-, and 
four-cell embryos. (C) Juveniles of three size classes after 4 days of development. (D) Juveniles 
of different size classes with symbionts after 6 weeks. 


individual blastomeres or partial embryos to re- 
organize and continue cleaving. Blastomeres pro- 
duced from two-, four-, and eight-cell embryos 
(Fig. 1A) resulted in individual larvae of propor- 
tionately smaller sizes as embryo stage advanced, 
disaggregating yet remaining viable. These clone 
blastomeres developed into larvae (Fig. 1B), then 
settled and metamorphosed normally (6) into ju- 
venile corals (Fig. 1, C and D). 

Totipotency of cells within the early embryon- 
ic stages of corals and the subsequent development 
of fragments mirrors the early European observa- 
tions on echinoderms (7). However, the echino- 
derms have a protective embryonic envelope, and 
skilled surgical intervention was used in those clas- 
sical studies to generate clones from cells of early- 
stage embryos. In contrast, coral embryos across 
disparate families lack fertilization envelopes, so 
disruption of the embryo and subsequent adjust- 
ment of the pieces toward normal development 
require only natural forces. We have observed vul- 
nerability to fragmentation when culturing coral 
embryos from the families Acroporidae, Faviidae, 
Mussidae, Fungidae, and Occulinidae. We have 
also noted the continuing cleavage postfragmen- 
tation in Favites chinensis, various fungid species, 
Acropora digitifera, and A. tenuis. This intriguing 
ability of naked coral embryos to fragment easily 
in the wild provides a mechanism for development 


of planktonic clones on coral reefs worldwide. 
Sexual reproduction producing dispersive plank- 
tonic larvae is the most common reproductive strat- 
egy in marine organisms but has not previously 
been associated with propagation of genetic clones. 
Clonal propagation in corals has been a process 
associated with colony fragmen- 
tation or the production of asexual 
planulae by brooding species 
(8). Our observations indicate 
that clonal propagation of drifting 
coral embryos may be common- 
place, requiring only moderate 
wind strength. The ability to easily 
generate clones in the laborato- 
ty also offers new research oppor- 
tunities where control over larval 
size and replication are required. 

These findings add another 
mode of reproduction to the di- 
verse repertoire already displayed 
by corals and a novel capabil- 
ity among the majority of spe- 
cies for the dispersal of genetic 
coral clones both within and be- 
tween reefs. For corals, this mixed 
breeding system, combining ele- 
ments of outcrossed sexual recom- 
bination and asexual propagation, 
may provide additional repro- 
ductive assurance in unpredict- 
able environments, where selection 
will act differentially on multi- 
ple copies of the genotype. 
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‘8 Evidence for Long-Term 
Preservation of Early Mantle 
Differentiation Products 


Mathieu Touboul,* Igor S. Puchtel, Richard J. Walker 


Late accretion, early mantle differentiation, and core-mantle interaction are processes that 
could have created subtle *®*W isotopic heterogeneities within Earth's mantle. Tungsten 
isotopic data for Kostomuksha komatiites dated at 2.8 billion years ago show a well-resolved 
182W excess relative to modern terrestrial samples, whereas data for Komati komatiites 
dated at 3.5 billion years ago show no such excess. Combined 2°2w, 28618705, and 147:243Nd 
isotopic data indicate that the mantle source of the Kostomuksha komatiites included 
material from a primordial reservoir that represents either a deep mantle region that 
underwent metal-silicate equilibration or a product of large-scale magmatic differentiation 
of the mantle. The preservation, until at least 2.8 billion years ago, of this reservoir—which 
likely formed within the first 30 million years of solar system history—indicates that the 


mantle may have never been well mixed. 


ver the past two decades, the short-lived 
@) 'SH¢'"W isotopic system (‘Hf > 

‘Sw +B, half-life = 8.9 million years) 
has been widely used for dating early solar sys- 
tem processes because of the unique geochemical 
properties of the system (/—3). As a moderately 
siderophile element (MSE), W is largely, but not 
completely, extracted from the silicate portions of 
planetary bodies during segregation of metallic 
cores [e.g., (4-6)]. Hafinium, in contrast, is litho- 
phile and is essentially retained in silicate portions 
of planetary bodies. Therefore, determination of 
the abundance of the daughter nuclide '**W, rel- 
ative to other stable, nonradiogenic isotopes (e.g., 
'84W)), is of special interest for constraining the 
timing of planetary core formation. For example, 
although Hf and W are both refractory elements 
and are presumed to occur in chondritic relative 
abundances in bulk planetary objects, most ter- 
restrial rocks have '**W/'**W ratios that are ap- 
proximately 200 parts per million (ppm) higher 
than bulk chondrites (7-9). The higher than 
chondritic '**Ww/'**W ratio of the terrestrial man- 
tle has been interpreted to reflect core segrega- 
tion and generation of suprachondritic Hf/W in 
the mantle during the first ~30 million years of 
solar system history, while '**Hf was still extant 
(9). The isotopic difference between the mantle 
and chondritic meteorites, together with mass 
balance constraints, also implies that Earth’s 
core is a W-rich reservoir characterized by a 
'82W7/'S4W ratio that is ~220 ppm lower than the 
terrestrial mantle. 
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After the cessation of substantial core segre- 
gation, the Hf/W ratio of Earth’s mantle would 
likely have been further modified by post-core 
formation events, such as the crystallization of 
transient magma oceans, partial melting of the 
mantle, or subsequent crystal-liquid fractionation 
processes (/0). If such events occurred before 
'S Hf became extinct, additional '**W isotopic 
variations would have been generated in the man- 
tle. It is even likely that '*’W isotopic hetero- 
geneities were created in the mantle after '**Hf 
was no longer extant—for example, as a result of 
late accretion. The term “late accretion” is used to 
describe the process of addition of ~0.3 to 0.8% 
of the total mass of the mantle (//) to Earth 
by continued accretion of materials with bulk 
chondritic compositions, subsequent to cessa- 
tion of core formation. It is a process that has 
been commonly invoked to account for the rel- 
atively high absolute and chondritic relative 
abundances of the highly siderophile elements 
(HSEs: including Re, Os, Ir, Ru, Rh, Pt, Pd, and 
Au) present in the mantle (/2—/5). Late accretion 
would have lowered the '**W/'**W ratio of the 
mantle by 10 to 30 ppm, as materials with com- 
paratively '**W-depleted compositions, such as 
planetesimals with bulk chondritic compositions, 
were accreted to Earth. Tungsten isotopic anom- 
alies in mantle domains could also have been 
generated throughout Earth’s history as a result 
of interactions with the core. 

Given these possibilities for heterogeneity, 
the isotopic composition of W in the mantle may 
complement data from other radiogenic isotope 
systems, such as the short-lived '“6Sm-!*?Nd iso- 
tope system [e.g., (76—/8)], for use in discerning 
the timing and nature of early Earth differentia- 
tion processes, as well as the detection of core- 
mantle exchange. The possibility of identifying 
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these important processes has led to intensive W 
isotopic analysis of diverse terrestrial materials 
(19-21). Until recently, these studies have re- 
ported no resolved '**W isotopic heterogeneities 
among terrestrial rocks. Willbold et al. (22), how- 
ever, reported 13 + 4 ppm '**W enrichments, 
relative to younger terrestrial rocks and stan- 
dards, in rocks dated at 3.8 billion years ago (Ga) 
from the Isua greenstone belt, Greenland. This 
study provided the first evidence for W isotopic 
heterogeneity in terrestrial materials. The rocks 
analyzed were also characterized by enrichments 
in ‘Nd. 

Tungsten isotope heterogeneities in the 
Archean komatiites. We recently developed a 
technique to measure '*’W/'**W to a 26 (SD) 
precision of +4.6 ppm by means of negative 
thermal ionization mass spectrometry (23). This 
technique has enabled us to begin a high-resolution 
search for W isotopic anomalies in diverse ter- 
restrial rocks. Here, we present W concentration and 
isotope composition data for 3.47 Ga komatiites 
from the Komati Formation of the Barberton 
greenstone belt, South Africa, and 2.82 Ga 
komatiites from the Kostomuksha greenstone 
belt, Baltic Shield, Russia (Table 1) (24). 

For the Komati and Kostomuksha komatiites, 
W concentrations vary from 28 to 102 ppb and 
from 45 to 106 ppb, respectively. In neither suite 
do W concentrations correlate well with chemical 
indicators of crystal-liquid fractionation typical 
of komatiitic systems, such as the MgO content 
(fig. S2). This may indicate complex behavior of 
W within crystallizing flows and/or minor mo- 
bility of W within the flows at some point after 
lava solidification. 

The ww values (where pu is the deviation, 
in ppm, from terrestrial reference standards) for 
four Komati samples average +2.7 + 4.1 (20 SD) 
and are indistinguishable from the average for the 
terrestrial standards and the modern La Palma ba- 
salt (Canary Islands) that we repeatedly analyzed 
during the analytical campaign (u!*’W =+0.2 + 2.49) 
(Fig. 1). In contrast, the 18 Kostomuksha komatiite 
samples analyzed (including one to five repli- 
cate digestions of the same samples) have an 
average w!*?W of +15.0 + 4.8 (20 SD), which is 
well resolved from the terrestrial standard average 
(Fig. 1). In addition to differences in location, 
age, and W isotopic composition, the mantle 
sources of these two komatiite suites were also 
characterized by widely differing HSE concen- 
tration and Os isotopic systematics. The mantle 
source of the Komati komatiites has been es- 
timated (25) to have had ~50% of the total HSE 
abundances of the modern primitive mantle 
(26). This is consistent with the observations of 
Maier et al. (27), who reported Pt and Ru 
contents in komatiites ranging in age between 3.5 
and 2.9 Ga and discovered what appears to be a 
progressive increase in Pt concentrations in lavas 
from the early to late Archean. They attributed 
this increase to be the result of sluggish down- 
ward mixing of a HSE-rich veneer of late-accreted 
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materials to Earth. The Komati source was also 
characterized by an essentially chondritic initial 
y'87Os of +0.23 + 0.12 (24) (where y denotes the 
percent deviation of the initial Os isotopic com- 
position of the source of the lava from that of a 
chondritic reference at that time), consistent with 
common chemical evolution models for Os in 
the early upper mantle [e.g., (28)]. The initial 
e!4Nd of +1.9 + 0.7 [compiled from (29)] for the 
Komati rocks (where € denotes the deviation in 
parts per 10,000 of the isotopic composition of 
the source of the lava from that of a chondritic 
reference at that time) suggests a source charac- 
terized by long-term depletion in Nd relative to 
Sm. This isotopic composition is generally con- 
sistent with standard models of the evolution of 
‘Nd in the early Earth [e.g., (30, 37)]. No “Nd 
data are currently available for the Komati 
komatiites. 

In contrast to the Komati source, the mantle 
source of the Kostomuksha komatiites has been 
estimated to have had total HSE abundances 
that are ~80% of those present in the modern 
primitive mantle (32). Puchtel et al. (33) re- 
ported coupled enrichments in both '*’Os (ini- 
tial y'8’Os = +2.55 + 0.13) and '*°Os (initial 
uw!®Qs = +22 + 6). Thus, in comparison to the 
Komati komatiites, the Kostomuksha komatiites 
were derived from a mantle source character- 
ized by long-term suprachondritic Hf/W, Re/Os, 
and Pt/Os ratios. The Os isotopic characteris- 
tics were interpreted by Puchtel et a/. to reflect 
an early onset of Earth’s inner-core crystalliza- 
tion. This resulted in suprachondritic Pt/Os and 
Re/Os in the liquid outer core, creation of cou- 
pled '®*'87Os enrichments over time, and trans- 
fer of this outer-core Os isotopic signature to 
the mantle source subsequently tapped by the 
Kostomuksha plume. The Sm-Nd isotopic sys- 
tematics of the Kostomuksha komatiites, how- 
ever, are not anomalous, with initial e!4°Nd 
of +2.8 + 0.2 (34) and initial '*’Nd of —0.5 + 
4.0 (17). Such values are generally consistent 
with common chemical evolution models for 
the early upper mantle [e.g., (77)]. 

The combined W and HSE abundance data, 
as well as W, Os, and Nd isotopic systematics of 
the Komati and Kostomuksha komatiites, can be 
used to place some important constraints on the 
origin of the MSE and HSE in the deep sources 
of the two komattite suites. First, given the con- 
sistency of the W isotopic data and W concen- 
trations in the analyzed multiple lava flows from 
the Kostomuksha suite, it is unlikely that the en- 
richment in '8?W is the result of contamination of 
parental magmas with the crust or secondary al- 
teration of the lavas, even if we assume that 
'8°W_enriched crust could somehow have been 
formed. Further, the lithophile trace element data 
and Nd- and Pb-isotope systematics indicate no 
detectable crustal contribution to either komatiite 
system (29, 34). Hence, we interpret both the 
Komati and Kostomuksha komatiites to have W 
isotope compositions representative of their re- 
spective, deep mantle sources. 


Second, the positive '*’W anomaly in the 
mantle source of the Kostomuksha komatiites 
cannot be due to the contribution of an outer-core 
component, as was initially suggested to explain 
the coupled '®*!*’Os enrichments present in 
the system (33). The observed W anomaly in the 
Kostomuksha komatiites is in the opposite di- 
rection (u'*’W = +15.0 + 4.8) to that of a core 
component (u1!*?W = —220). 

Third, Willbold et al. (22) concluded that the 
'SW-enriched isotopic composition of the Isua 
suite preserves the composition of the mantle 
prior to a final stage of late accretion to Earth and 
the Moon, termed the terminal cataclysm, or late 
heavy bombardment (35). This event has been pre- 
viously hypothesized to have occurred between 
~3.9 and 3.8 Ga, as assessed from ages of lunar 
impact melt rocks associated with the major 
impact basins [e.g., (36)]. Willbold et al. noted 
that the addition of materials of chondritic bulk 
composition (u'8?W =—200) that were rich in W, 
as well as HSE, would have lowered the W iso- 
topic composition of the bulk mantle from an 
older, more radiogenic composition. Although the 
13 ppm enrichment in '*’W in rocks from Isua is 


similar in magnitude to that in the source of the 
Kostomuksha komatiites, the interpretation that 
Willbold et al. proposed for the Isua rocks is 
problematic for the Kostomuksha rocks, and 
below we show why this is the case. 

Coupled late accretion and mantle mixing 
model. In order to explain the observed W, Os, 
and Nd isotopic systematics for the Komati and 
Kostomuksha sources, we model mixing between 
modern mantle and a primordial, '*’W-enriched, 
yet HSE-depleted, reservoir (Fig. 2). Total HSE 
content is expressed as the deviation of content 
in the mantle source, relative to the concentration 
in the modern mantle. The effects of contribu- 
tions of late-accreted materials ranging from 
0.3 to 0.8% of the total mass of the mantle are 
calculated, assuming that the HSE present in the 
silicate Earth today were derived entirely from late- 
accreted materials. Beginning with a radiogenic 
u'*°W value and zero total HSE content prior 
to late accretion, this model shows that Earth’s 
mantle would have evolved toward its present W 
isotopic composition, as increasingly more chon- 
dritic materials were accreted and the total HSE 
content increased to the present-day values. This 


Table 1. Tungsten concentrations (in ppb) and isotopic compositions of 3.47 Ga Komati (South Africa) 
and 2.82 Ga Kostomuksha (Russia) komatiites, and the modern La Palma basalt LP15 (Canary Islands). 


ol spx, olivine spinifex; ol cum, olivine cumulate. 


Sample Lithology Lava flow Depth (m) W (ppb) ww 
Kostomuksha 
KGB 9495 ol spx 17 250 44 16.6 + 5.8 
19.0 + 6.9 
KGB 9496 ol spx 17 251 103 7.5 + 4.6 
13.5 + 2.3 
13.4 + 9.3 
16.1 + 11.6 
15.8 + 3.5 
15.7 + 4.6 
KGB 9497 ol spx 17 252 53 15.5 + 5.8 
15.4 + 5.8 
14.9 + 8.1 
17.3 +3.5 
KGB 94100 ol cum 17 255 78 15.1 + 3.5 
KGB 94114 ol spx 19 263 47 13.6 + 4.6 
KGB 94123 ol spx 26 292 43 14.0 + 10.4 
14.0 + 4.6 
17.5 + 5.8 
KGB 94126 ol cum 26 296 71 15.0 + 11.6 
Average (20 SD, n = 18) 15.0 + 4.8 
Komati 
BV 02 ol spx 1 112 30 2.6 + 5.8 
BV 09 ol spx 2 71 27 2.9+7.3 
BV 14A ol cum 11 30 99 5.2 + 3.9 
BV 14B ol cum 11 30 32 O22 74 
Average (20 SD, n = 4) 2.7+ 4.1 
La Palma basalt 
LP 15 844 -0.5+4.7 
1.9 + 3.7 
-0.7 + 5.4 
Average (20 SD, n = 3) 0.2 + 2.9 
Alfa Aesar W standard (20 SD, n = 40) 0.0 + 4.6 
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scenario is broadly similar to those advocated 
by Willbold et al. (22) and Maier et al. (27). Given 
the estimates that the Komati and Kostomuksha 
komatiite sources contained ~50 and ~80%, re- 
spectively, of the late accretionary component 
present in the modern mantle (25, 32), the older 
Komati komatiites should show more radio- 
genic u'W than the Kostomuksha komatiites 
(Fig. 2). This is not observed, which suggests that 
the Kostomuksha source cannot simply be pri- 
mordial mantle that had been largely stripped of 
HSE by core formation. 


Early metal-silicate equilibration model. We 
next present two approaches for explaining the 
‘827 enrichments, as well as other isotopic and 
elemental characteristics, of the Kostomuksha 
komatiites. For the first approach, we assume that 
1827 186Qs and '8’Os excesses were generated 
by the same process. This would mean that the 
Kostomuksha source included an early-formed 
component that was characterized by high Hf/W, 
as well as high Re/Os and Pt/Os, relative to the 
present-day mantle. One possible mechanism for 
the attainment of these chemical characteristics 


Fig. 1. Tungsten isotopic composi- 
tions of the Komati and Kostomuksha 
komatiites, and of the modern La 
Palma basalt LP15. Each unique 
symbol corresponds to a distinct 
sample. Identical symbols show 
replicate measurements of the 
same sample via processing ad- 
ditional aliquots of rock powder. 
The light gray bands represent 
2o SD uncertainties for the aver- 
age u2°*W values, and the dark 
gray bands represent 20 SE. The 
dark gray band at w*°*W = 0 cor- 
responds to the 2o SE uncertainty 
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Fig. 2. Plot of °°W ver- 
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sus total estimated HSE 
contents in the Komati 
(solid square) and Kosto- 
muksha (solid circle) man- 
tle sources relative to 
those in the present-day 
mantle. This corresponds 
to the fraction of mass 
added by late accretion 
relative to the modern 
mantle, assuming an HSE- 
free mantle prior to late 
accretion. The W isotopic 
composition of Earth’s 
mantle prior to late accre- 


tion is estimated assum- 0 0.2 


ing the total contributions 
of late accretion to be 
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between 0.3 to 0.8% of mass of the mantle, as determined from HSE abundances in Earth’s mantle 
(11), and W contents of 200 and 13 ppb for chondrites (41) and modern mantle (42), respectively. 
Evolution of the mantle composition during late accretion, or mixing between a preserved mantle 
reservoir and current accessible mantle (open circle), are represented by the gray segment. Estimates 
for the total HSE content in the mantle sources of the Kostomuksha and Komati komatiites are from 


(32) and (25). 
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would be metal-silicate partitioning at high tem- 
peratures and pressures, such as might be found 
at the base of'a primordial transient magma ocean 
or in a partially molten zone at or near the core- 
mantle boundary. Transient magma oceans, as 
well as more limited molten regions at the core- 
mantle boundary, have been proposed to explain 
both geochemical and geophysical observa- 
tions [e.g., (37)]. Here, we envision a very early, 
deep mantle location where silicate melt could 
potentially equilibrate with metal that is either 
the growing core, or metal that is passing through 
the molten region on its way to the core. This 
approach (24) is based on experimental obser- 
vations of substantially reduced metal-silicate 
partitioning for Re and Pt, relative to Os, at high 
temperatures and pressures, compared to rela- 
tively low temperatures and pressures of the up- 
per mantle or crust. It is also based on the more 
siderophilic behavior of W under moderately 
reducing conditions with respect to the present 
upper mantle. 

In contrast to simple downward mixing of 
late-accreted materials proposed by Maier et al. 
(27), our model requires the long-term survival 
of some portion of the mantle whose HSE and 
MSE were set by metal-silicate partitioning un- 
der reducing conditions at high temperature and 
pressure. In order to achieve the isotopic and 
elemental characteristics of the Kostomuksha 
source, we envision a plume tapping this liquid 
or solid reservoir and mixing material from this 
reservoir with overlying mantle characterized by 
HSE concentrations and Os isotopic character- 
istics similar to those in estimates for primitive 
mantle. The HSE characteristics of the dominant 
mantle reservoir would be best explained by late 
accretion. This reservoir would also serve as an 
appropriate source for the Komati komatiites. A 
good fit to the '87!8°Qs and '**W isotopic char- 
acteristics of the Kostomuksha komatiites can be 
achieved by mixing ~53% material of the early- 
formed reservoir with 47% material of the over- 
lying mantle (Fig. 3 and table S6). Because the 
major fractionations that occur in this model 
result from metal-silicate interaction, the processes 
envisioned would have had no predictable effect 
on the lithophile element isotopic systems, in- 
cluding the Sm-Nd system. 

Early magmatic differentiation model. A sec- 
ond approach to account for the 'S2W enrich- 
ment in the mantle is to focus entirely on mantle 
differentiation processes, such as magma ocean 
crystallization or partial melting (24). Silicate 
crystal-liquid fractionation processes can induce 
Hf/W fractionation, and hence potentially could 
have resulted in the production of mantle res- 
ervoirs with '8*W excesses or deficits. In general, 
both Hf and W behave as incompatible elements 
and concentrate into silicate melts. In the upper 
mantle, Hf and W abundances are largely 
controlled by the presence of clinopyroxene and 
garnet, both of which preferentially incorporate 
Hf relative to W (/0). Therefore, fractional crys- 
tallization of silicate melts and partial melting of 
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Fig. 3. (A and B) Plot of ,17°°W versus (A) 7860s and (B) y"®’0s, illustrating 
mixing between the modern primitive mantle and a mantle reservoir pre- 
served from an early magma ocean, where Re/Os, Pt/Os, and Hf/W ratios were 
established by metal-silicate equilibration at high pressure and temperature, 


silicate rocks at upper-mantle conditions produce 
solids with high Hf/W ratios relative to melts. 
Strong Hf-W fractionation is also expected in the 
lower mantle, as Hf is less incompatible than 
W in Mg-perovskite, a lower-mantle phase (38). 
Thus, Mg-perovskite would be characterized by 
higher Hf/W relative to equilibrium melts. Hence, 
any cumulate reservoir formed as a result of mag- 
ma ocean crystallization, or any mantle depleted by 
melting and crustal extraction, would be charac- 
terized by high Hf/W ratios—and would develop 
positive '**W anomalies—if isolated from the 
convecting portion of the mantle while '**Hf 
was still extant. 

Clinopyroxene, garnet, and Mg-perovskite 
are also phases that control rare earth element 
(REE) fractionation in Earth’s mantle (table S7) 
(24). All of these mineral phases are typically de- 
pleted in Nd relative to Sm, such that, in addition 
to their higher Hf/W ratio, solids in equilibrium 
with melts at lower- and upper-mantle condi- 
tions would also have had a higher Sm/Nd ra- 
tio. Therefore, it might be expected that if the 
Kostomuksha W isotopic anomaly is related to 
early silicate differentiation, the enriched '*’W 
should also be accompanied by an excess in 
‘Nd. Yet, although Kostomuksha komatiites 
have u'“?Nd values that are identical to Earth’s 
modern mantle within analytical uncertainty (/7), 
a contribution from an early differentiated man- 
tle component cannot be summarily excluded. 
This is because the magnitude of Hf-W fraction- 
ation induced by partial melting and crystalli- 
zation is likely much larger than the magnitude 
of Sm-Nd fractionation. Hence, early igneous 
processes could potentially result in substantial 
'82W anomalies without a resolvable effect 
on '?Nd. 

To model this type of scenario, we consider 
two early differentiation end members. The first, 
similar to the differentiation model considered in 
Willbold et al. (22) to account for the Isua data, 


assumes that Hf-W fractionation is coupled to the 
global differentiation event advocated by Boyet 
and Carlson (/7) for explaining the 20 ppm en- 
richment in '“?Nd of the accessible silicate Earth 
relative to chondrites. At ~4.53 Ga, bulk mantle 
characterized by chondritic Sm/Nd and supra- 
chondritic Hf/W would have differentiated into 
two complementary reservoirs: an early enriched 
reservoir (EER), characterized by lower Sm/Nd 
and Hf/W ratios, and an early depleted reservoir 
(EDR) with higher ratios. Partial remixing of the 
EER back into the EDR could have resulted in 
the generation of the modern accessible mantle 
with appropriate Sm/Nd and Hf/W ratios that 
translate into the observed present-day y!4?Nd 
and u'®*W values of 0. Consistent with this 
model, positive '*Nd anomalies in early Arche- 
an samples from Isua [7 to 15 ppm (/6, /8)] are 
accompanied by a '*’W anomaly of +13 + 4 ppm 
(22). Hence, if both isotopic anomalies reflect the 
involvement of remnants of the EDR, a 18247 
anomaly that is considerably smaller than 15 ppm 
would be expected when there is no resolvable 
'©Nd enrichment. Within analytical uncertain- 
ties, Kostomuksha komatiites have identical 
u'*°W to the Isua samples, so if this interpretation 
is correct for the Isua samples, this global man- 
tle differentiation model is difficult to reconcile 
with the combined data for the Kostomuksha 
komatiites. 

A second mantle differentiation model ex- 
plores the effects of early partial melting of 
the mantle with a present-day '*?W = 0 and 
u'”Nd = 0, as opposed to the parental reservoir 
with chondritic w?Nd = —20, considered in the 
early global differentiation model. This parental 
reservoir, with current '*-'“8Nd isotope compo- 
sitions that are identical to the modern upper 
mantle, corresponds to bulk mantle, assuming an 
initial Earth with suprachondritic Sm/Nd (/6), or 
to an already depleted mantle, if Earth was in- 
stead characterized by chondritic Sm/Nd and ex- 


2 3 ~ 5 6 
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resulting in extreme 78”7°°Q5 and *8*W enrichments at 2.82 Ga. For this 
model, the coupled *°°0s and 7®2W excesses in the source of the Kostomuksha 
komatiites (solid circle) can be explained by a 53% contribution from the 
isotopically enriched reservoir to the ambient mantle source (open circle). 


perienced early global mantle differentiation, as 
proposed by Boyet and Carlson (/7). The Hf-W 
and Sm-Nd fractionations induced by partial melt- 
ing are estimated using a batch melting model 
and published partition coefficients for these ele- 
ments between constituent mantle phases and 
silicate melt (table S7) (24). For this model, the 
uw and u!*?Nd values of the Kostomuksha 
komatiites are most consistent with a mantle 
source that was residual to partial melting of 
the lower mantle earlier than ~4.52 Ga, assum- 
ing that the degree of melting remained lower 
than ~4% (Fig. 4) (24). 

A current problem with any mantle differen- 
tiation model is that it is impossible to meaning- 
fully predict the effects that such differentiation 
events would have had on the absolute and 
relative abundances of the HSE. The total HSE 
abundances calculated for the mantle source of the 
Kostomuksha komatiites of 80% relative to 
those in the modern primitive mantle estimate 
(32) would require that late accretion largely 
occurred prior to the differentiation event that 
fractionated Hf-W. If the putative giant impact 
that generated the Moon resulted in a final 
clearing of HSE from the mantle prior to late 
accretion, this model would be inconsistent with 
formation of the Moon later than 4.50 Ga (39). 
Alternatively, an early differentiated mantle 
component may have been mixed with convect- 
ing mantle in which the HSE budget had been 
previously established by late accretion. The +15 
ppm '*?W anomaly would represent the diluted 
isotopic signature of such an early differentiated 
mantle component, which had initially higher 
u'®"W. Mixing with current mantle defines a 
straight line passing through the origin in Fig. 4. 
Therefore, the formation of such a reservoir 
would still be constrained to have occurred earlier 
than ~4.52 Ga, although the upper limit of the 
degree of partial melting for the model is increased 
to as much as ~10%. Taking into account a 
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Fig. 4. Coupled 1*?Nd-2°*w 70 —j— 
evolution model of depleted Ss) 
reservoirs formed from a pa- Pa | 

rental reservoir with u*®*W and 60; a 

u"2Nd values of 0, correspond- [ NI P 
ing to the isotopic compositions 50 + / / 
of the modern upper mantle - F ze / 
(open circle). Dashed lines are } r Ii , 
loci of equal differentiation time = 40 | / / 
after the formation of calcium & ! / 

and aluminum-rich inclusions “+ 30 } / 

(CAI), Atca; fin millions of years r 4 
(Myr)], marking the beginning Kostomuksha . 
of the solar system. Solid curves 20 | / / 


are the loci of depletion with 
identical degrees of partial melt- 
ing, F (in percent). This model 
assumes partial melting of a lower 
mantle with 80% Mg-perovskite, 


modern mantle 


15% magnesiowistite, and 5% 
Ca-perovskite. Partition coeffi- 0) 
cients for Hf, W, Sm, and Nd in 
Mg- and Ca-perovskite used are 


1 2 3 4 5 6 
ul42nd 


reported in table $7. Note that mantle depletion earlier than 4.52 Ga can result in the generation of a 
resolvable *®2W anomaly without a detectable 4?Nd anomaly. 


dilution factor of ~5, as necessary for explaining 
the high HSE abundances in the source of the 
Kostomuksha komatiites, the most consistent 
mantle differentiation model involves ~2% par- 
tial melting of the lower mantle at ~4.55 Ga, 
which then produced a reservoir with '**W of 
~60 and u'?Nd of ~2. 

For Isua rocks, the model favored by 
Willbold et al. (22), whereby the mantle source 
corresponds to a portion of the mantle preserved 
from late accretion, cannot be excluded at present 
because the HSE concentrations in the source of 
these rocks are not yet determined. We note, 
however, that our models of metal-silicate equil- 
ibration and magmatic differentiation could also 
successfully account for the apparent coupling 
of the positive '**W anomaly of Isua rocks with, 
respectively, the '*’Os [initial y'*’Os =+4.2 + 1.2 
(40)] and '*7Nd excess [u'*?Nd = +7 to +15 
(16, 18)] also present in the Isua rocks. Although the 
mantle sources of the Isua rocks and Kostomuksha 
komatiites could have experienced similar early 
processes, they must sample distinct mantle res- 
ervoirs, which formed under different conditions 
(as they are characterized by different '$’Os and 
Nd excesses), despite having similar '**W 
anomalies. 

Implications for early mantle dynamics. We 
conclude that the positive '*’W anomaly of the 
Kostomuksha komatiite source does not corre- 
spond to the composition of the dominant Hadean 
mantle prior to the addition of extraterrestrial 
materials via late accretion. Instead, it must record 
a very early differentiation event, which could 
be related to either metal-silicate equilibration or 
mantle differentiation processes. Combined in- 
vestigations of HSE abundances and 186,187¢). 
182 and '4Nd systematics of other komatiites 
derived from mantle sources with variable Sm/Nd 


ratios may ultimately permit discrimination be- 
tween the different models presented here. 

Regardless of the true cause of the W anom- 
aly, the generation of these komatiites at 2.8 Ga 
attests to the long-lived nature of an early '**W- 
enriched mantle reservoir, and highlights the evi- 
dent sluggish mixing of at least some portions of 
the mantle throughout the Hadean and Archean. 
Dense cumulate piles, crystallized from a basal 
magma ocean [e.g., (37)], may constitute good 
candidates for storage and preservation of '’W 
heterogeneities over at least 1.7 billion years. If 
generation of this primordial component predated 
the formation of the Moon [>60 million years 
after formation of the solar system (39)], it can be 
concluded that the putative Moon-forming giant 
impact, although highly energetic, did not induce 
complete homogenization of Earth’s mantle. This 
would most likely mean that Earth was not com- 
pletely melted by the event. 
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Observation of Quantum Criticality with 
Ultracold Atoms in Optical Lattices 


Xibo Zhang,* Chen-Lung Hung, Shih-Kuang Tung, Cheng Chin* 


Quantum criticality emerges when a many-body system is in the proximity of a continuous 

phase transition that is driven by quantum fluctuations. In the quantum critical regime, exotic, 
yet universal properties are anticipated; ultracold atoms provide a clean system to test these 
predictions. We report the observation of quantum criticality with two-dimensional Bose gases 

in optical lattices. On the basis of in situ density measurements, we observe scaling behavior of 
the equation of state at low temperatures, locate the quantum critical point, and constrain the 
critical exponents. We observe a finite critical entropy per particle that carries a weak dependence 
on the atomic interaction strength. Our experiment provides a prototypical method to study 


quantum criticality with ultracold atoms. 


transition, a many-body system enters the 

quantum critical regime, where quantum 
fluctuations lead to nonclassical universal behav- 
ior (J, 2). Quantum criticality not only provides 
novel routes to new material design and discov- 
ery (/, 3-6), but also provides a common frame- 
work for problems in condensed matter, nuclear 
physics (7, 8), and cosmology (/, 9). Quantum 
criticality plays a central role in strongly cor- 
related systems such as heavy-fermion materials 
(5), spin dimer systems (/0), Ising ferromagnets 
(/1), and chromium at high pressure (/2). 

Ultracold atoms offer a clean setting for quan- 
titative and precise investigation of quantum phase 
transitions (J3—16) and critical phenomena (/7). 
For example, the superfluid-to-Mott insulator quan- 
tum phase transition can be realized by loading 
atomic Bose-Einstein condensates into optical lat- 
tices (73). In recent experiments, scaling behavior 
of physical observables was reported in interacting 
Bose gases in three (/7) and two dimensions 
(78), and in Rydberg gases (19), where collective 
behavior is insensitive to microscopic details. In 
addition, suppression of the superfluid critical 
temperature near the Mott transition was observed 
in three-dimensional (3D) optical lattices (20). 
Studying quantum criticality in cold atoms on 
the basis of finite-temperature thermodynamic 
measurements, however, remains challenging 
and has attracted increasing theoretical interest 
in recent years (2/—24). 

We report the observation of quantum critical 
behavior of ultracold cesium atoms in a two- 
dimensional (2D) optical lattice across the vacuum- 
to-superfluid transition. This phase transition can 
be viewed as a transition between a Mott insulator 
with zero occupation number and a superfluid, and 
can be described by the Bose-Hubbard model 


I n the vicinity of a continuous quantum phase 
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(25). Our measurements are performed on atomic 
samples near the normal-to-superfluid transition, 
connecting to the vacuum-to-superfluid quantum 
phase transition in the zero-temperature limit. 

The quantum phase transition and quantum 
critical regime in this study are illustrated in Fig. 1. 
The zero-temperature vacuum-to-superfluid tran- 
sition occurs when the chemical potential 11 ap- 
proaches its critical value Uo. Sufficiently close to 
the quantum critical point, the critical temper- 
ature 7, for the normal-to-superfluid transition is 
expected to decrease according to the following 
scaling (25) 


kpT po Pe" 
= 1 
t o( t ( ) 


where kg is the Boltzmann constant, ¢ is the tun- 
neling energy, z is the dynamical critical expo- 
nent, v is the correlation length exponent, and c is 
aconstant. In the quantum critical regime (shaded 
area in Fig. 1), the temperature T provides the 
sole energy scale, and all thermodynamic observ- 
ables are expected to scale with T (25). Thus, the 
equation of state is predicted to obey the follow- 
ing scaling (2/) 


N = F(i) (2) 
in which F(x) is a generic function, and 


H Ho 
~ N-N, m + 
N =—,—— and p= f (3) 


Cry ey 
t t 


are the scaled occupation number and scaled 
chemical potential, respectively. Here, N is the 
occupation number, D is the dimensionality, and 
N, is the nonuniversal part of the occupation num- 
ber. For the vacuum-to-superfluid transition in the 
2D Bose-Hubbard model, we have N,=0 and D= 
2, and the predicted critical exponents are z = 2 
and v = 1/2, characteristics of the dilute Bose gas 
universality class (2, 22, 25). We note that in a 


2D system, there can be logarithmic corrections 
to scaling functions, including those in this study, 
near the quantum critical point (2). Within the 
temperature range of our experiment, however, 
the measurement is consistent with the above 
scaling laws in the absence of logarithmic correc- 
tions. Scaling behavior of 7, in the quantum crit- 
ical regime was also observed in 2D condensates 
of spin triplets (/0). 

Our experiment is based on 2D atomic gases 
of cesium-133 in 2D square optical lattices 
(26, 27). The 2D trap geometry is provided by the 
weak horizontal (7-) confinement and strong 
vertical (z-) confinement (27), with envelope trap 
frequencies f, = 9.6 Hz and f, = 1940 Hz, re- 
spectively. Typically, 4000 to 20,000 atoms are 
loaded into the lattice. The lattice constant is d= 
4/2 = 0.532 um and the depth is V_ = 6.8 Ep, 
where Ep = kg x 63.6 nK is the recoil energy, A = 
1064 nm is the lattice laser wavelength, and h is 
the Planck constant. In the lattice, the tunneling 
energy is t= Ag x 2.7 nK, the on-site interaction is 
U= kg = 17 nK, and the scattering length is a = 
15.9 nm. The sample temperature is controlled in 
the range of 5.8 to 31 nK. 

We determine the equation of state n(u,7) of 
the sample from the measured in situ density 
distribution n(x,v) (18, 26). The chemical po- 
tential 11(x,y) and the temperature T are obtained 
by fitting the low-density tail of the sample where 
the atoms are normal. The fit is based on a mean- 
field model that accounts for interaction (28-30). 


12 


T T T 


Normal gas 


Normalized temperature kgT/t 


0) 
8 4 0) 4 8 
Normalized chemical potential 
(U- Ho) /t 


Fig. 1. The vacuum-to-superfluid quantum phase 
transition in 2D optical lattices. At zero temper- 
ature, a quantum phase transition from vacuum 
(horizontal thick blue line) to superfluid occurs 
when the chemical potential ,. reaches the critical 
value Lo. Sufficiently close to the transition point 
Up, quantum criticality prevails (red shaded area), 
and the normal-to-superfluid transition temper- 
ature 7, [measurements (30) shown as empty 
circles] is expected to vanish as T. ~ (u — Uo)”; 
the blue line is a guide to the eye. From the 
prediction zv = 1 (22, 23, 25), the linearly extra- 
polated critical chemical potential is 19 = —3.6(6)t, 
consistent with the theoretical value —4t (28). Both 
the thermal energy scale kg7 and the chemical po- 
tential u are normalized by the tunneling tf. 
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Fig. 2. Evidence of a quantum critical 
regime. (A) Scaled occupation number 
N = Nt/kgT as a function of the scaled 
chemical potential [1 = (—uUo)/kg7; 
the blue solid line shows the average 
curve for the lowest four temperatures. 
Inset shows the low-temperature data 
in the range of T = 5.8 to 15 nK, and 
the critical chemical potential U9 is 
identified as the crossing point; see 
text. The result, uo = —4.5(6) t, agrees 
with the prediction 9 = —4t (28). (B) 
Determination of the dynamical critical 
exponent z and the correlation length ex- 
ponent v based on [1p = —4.5¢. The col- 
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or represents the reduced chi-squared (y2), and indicates how well the scaled equation of state can collapse into one single curve. The exponents are 
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Fig. 3. Finite-temperature effect on quantum 
critical scaling. Scaled occupation number, = 
N.t/kgT at the critical chemical potential u = Uo 
as a function of the normalized temperature 
kgT/t. The black dashed line is an empirical fit, 
giving a temperature scale T* = 8t/kg. For T<T*, 
N, = 0.097 is independent of the temperature; 
for T > T*,N, deviates from the low-temperature 
value. 


Equation of state measured near the quantum 
critical point can reveal essential information on 
quantum criticality, as proposed in (28). 

We locate the quantum critical point by not- 
ing that at the critical chemical potential 1. = Uo, 
the scaled occupation number N = Nt/kgT = 
nd*t/kgT is temperature-independent, as indi- 
cated by Eq. 2. Here, we have applied a predicted 
exponent v = 1/2. We plot NV as a function of u in 
the low-temperature range of 5.8 to 15 nK, and 
indeed observe a crossing point at Uo = —4.5(6)t 
(Fig. 2A, inset). We identify this point as the critical 
point for the vacuum-to-superfluid transition, and 
our result agrees with the prediction —4¢ (28). 

To test the critical scaling law, we compare 
the equation of state at different temperatures. On 
the basis of the expected exponents z = 2 and v= 
1/2, we plot the scaled occupation number N as 
a function of the scaled chemical potential 1 = 
(u — Uo) /keT (Fig. 2A). Below 15 nK, all the 
measurements collapse into a single curve, con- 
firming the emergence of the quantum critical 
scaling law (Eq. 2) at low temperatures. Note 
that we observe scaling behavior at temperatures 
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Fig. 4. Entropy per particle in the critical regime. (A) Entropy per particle S/N as a function of the 
scaled chemical potential ji, measured in the temperature range of 5.8 to 15 nK (same symbol and 
color scheme as in Fig. 2A). (B) Critical entropy per particle S/N as a function of the effective 
interaction strength g: measurements for Bose gases with 2D optical lattices (black circle) and 
without lattice [black triangles, extracted from data in (18)], mean-field calculations (blue line), 


and a power-law fit to the measurements, S./Nkg = 1.6(1)g 


from 5.8 to 15 nK, which are high compared to 
the tunneling scale #/kg = 2.7 nK. Deviations be- 
come obvious at higher temperatures. 

We examine the range of critical exponents z 
and v that allow the scaled equation of state at 
low temperatures to overlap within experimental 
uncertainties. Taking ug = —4.5¢ and various 
values of z and v in the range of 0<z<4and0< 
v < 1, we compute the corresponding scaled oc- 
cupation numbersN and scaled chemical poten- 
tials {1 based on Eq. 3. We then evaluate how 
well the scaled equation of state in the range of 
T=5.8 to 15 nK can collapse to a single curve 
by computing the reduced chi-squared (30). The 
best-fit exponents (Fig. 2B) are determined as 
z= 2.212 and v = 0.527)-°, and the uncer- 
tainties correspond to a 95% confidence level. 
On the basis of the theoretical value of Uo = —44, 
we find the exponents to be z = 2.64}2 and v = 
0.44(8). In the following analyses, we adopt z = 
2, v = 1/2, and Uo = —4.5t. 

Our measurements at different temperatures 
allow us to investigate the breakdown of quan- 
tum criticality at high temperatures. To quantify 


0.18(2) (red line). 


the deviations, we focus on the temperature de- 
pendence of the scaled occupation number N at 
the critical chemical potential 4. = Uo (Fig. 3). 
Deviations from the low-temperature value are 
clear when the temperature exceeds 7* = 22 nK ~ 
8t/kg. From this, we conclude that at u = Uo, the 
upper bound of thermal energy for the quan- 
tum critical behavior in our system is kg7* ~ 
8¢. Our result is in fair agreement with the 
prediction of 6¢ based on quantum Monte Carlo 
calculations (23). 

From the equation of state, one can derive 
other thermodynamic quantities in the critical 
regime. We derive the entropy per particle S/N 
based on measurements in the temperature range 
of 5.8 to 15 nK, using a procedure similar to (37). 
The measured entropy per particle depends only 
on the scaled chemical potential 1 and monoton- 
ically decreases (Fig. 4A), indicating a positive 
specific heat. Near the critical point 1. = 0, the 
entropy per particle has an approximate linear 
dependence on the scaled chemical potential: 
S/Nkg = a— bp, with a = 1.8(1), b = 1.1(1). 
From this linear dependence, we derive an em- 
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pirical equation of state analogous to the ideal gas 
law (30) 


P= Cn‘(kgT) (4) 


where P is the pressure of the 2D gas, x = 
2/1 + 6) = 0.95(5), y = 2b/(1 + b) = 1.05(5), C= 
0.8(2)(ta)" is a constant, and w = (1 — b)/(1 + 
b) = —0.05(5). 

Finally, we observe a weak dependence of the 
critical entropy per particle on the atomic in- 
teraction. Noting that a weakly interacting 2D 
Bose gas follows similar scaling laws near u = 
0 (8) because it belongs to the same under- 
lying dilute Bose gas universality class (2, 32), 
we apply similar analysis and extract the crit- 
ical entropy per particle S./N at four interaction 
strengths g ~ 0.05, 0.13, 0.19, 0.26, shown 
together with the lattice data (g ~ 2.4) in Fig. 
4B. We observe a slow growing of S,/N with g, 
and compare the measurements with mean-field 
calculations. The measured S,/N is systemati- 
cally lower than the mean-field predictions, po- 
tentially as a consequence of quantum critical 
physics. The weak dependence on the interac- 
tion strength can be captured by a power-law fit 
to the data as S./Nkp = 1.6(1)g?"®. 

In summary, on the basis of in situ density 
measurements of Bose gases in 2D optical lat- 
tices, we confirm the quantum criticality near the 
vacuum-to-superfluid quantum phase transition. 
Our experimental methods hold promise for 


identifying general quantum phase transitions, 
and prepare the tools for investigating quantum 
critical dynamics. 
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Reactions of Solvated Electrons 
Initiated by Sodium Atom lonization 
at the Vacuum-Liquid Interface 


William A. Alexander, Justin P. Wiens,” Timothy K. Minton,?* Gilbert M. Nathanson?* 


Solvated electrons are powerful reagents in the liquid phase that break chemical bonds and 
thereby create additional reactive species, including hydrogen atoms. We explored the distinct 
chemistry that ensues when electrons are liberated near the liquid surface rather than within the 
bulk. Specifically, we detected the products resulting from exposure of liquid glycerol to a beam of 
sodium atoms. The Na atoms ionized in the surface region, generating electrons that reacted with 
deuterated glycerol, C3D;(OD)3, to produce D atoms, D2, D20, and glycerol fragments. Surprisingly, 
43 + 4% of the D atoms traversed the interfacial region and desorbed into vacuum before 


attacking C-D bonds to produce Dp. 


adiolysis experiments provide funda- 
mental insights into electron reactivity 
in protic liquids such as water and al- 


cohols through the use of ionizing reagents, in- 
cluding gamma rays and high-energy electrons, 
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which penetrate deeply into solution. These re- 
agents energize and ionize solvent molecules, 
creating hydrogen atoms and other free radi- 
cals, as well as solvated electrons, e, , often in 
high enough concentrations to react with each 
other (J, 2). Electrons and radicals created at 
the vacuum-liquid interface may behave differ- 
ently from those in the bulk because of their 
partial solvation (3-6) and because transient neu- 
tral intermediates may evaporate before react- 
ing further. Recent photoionization experiments 


show that partially to fully solvated electrons 
persist for >10 '° s at the surface of water, po- 
tentially leading to enhanced destruction of or- 
ganic molecules in contact with these electrons 
(6-8). Molecular beam methods, using gas-phase 
sodium atoms as neutral precursors, provide a 
previously unexplored alternative for generating 
interfacial electrons in protic liquids. These elec- 
trons initiate a wide range of chemical events, 
including the production of atomic and molec- 
ular radicals that react at and near the surface or 
escape by evaporating from solution. 

We performed the experiments by directing 
a weak effusive beam of sodium atoms at the 
surface of a liquid glycerol (1,2,3-propanetriol) 
film in vacuum. These Na atoms rapidly ionize 
into Na,* and e, in the interfacial region. We 
chose glycerol because of its low vapor pressure 
(10 * torr) and water-like ability to solvate ions 
and electrons (9, 70). Solvated electrons react 
in more diverse ways with alcohols than with 
water. In the latter case, the primary pathways 
are slow dissociation, e, + H,O—-H+OH , 
and fast recombination, 2e, + 2H,O — H, + 
20H (2, 11). The low flux of our effusive Na 
beam ensures that similar electron-electron re- 
combination and additional radical-radical reac- 
tions do not compete with electron-solvent and 
radical-solvent reactions, whereas the soft land- 
ing and gentle ionization of Na generates elec- 
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Fig. 1. (A) TOF distributions of Na atoms scattered 
from FEP Teflon and glycerol. The dashed direct 
scattering curve for Teflon is obtained by subtracting 
the dotted Maxwell-Boltzmann (MB) distribution at 
Tgty = 287 K from the solid curve, which is a fit to 
the Teflon data. (B) Evaporated glycerol (green), 
detected at m/z = 20, is subtracted from the total 
signal (red) to isolate DO desorption (blue). The 
solid black line is a MB fit at Ty and the DO 
parent mass. (C) m/z = 18 TOF distribution from 
C3D.;(OD)3 fit to a sum of MB distributions at the 
parent glycerol and D20 masses. (D) Same as (C), 
but a superior fit with a glycerol fragment mass of 
82 amu. The signal levels for (B) to (D) represent 
relative number densities, which are normalized 
to the relevant signal from inelastically scattered 
Na atoms. 
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Fig. 2. TOF distributions of molecular hydrogen isotopologues: (A) Dz from C3D,(OD)3, (B) Dz from 
C3Hs(OD)3, (C) HD from C3Hs(OD)3, and (D) Hz + D from C3H;5(OD)3. The contribution from evap- 
orated glycerol has been subtracted from each distribution. The solid red curves are MB fits at Tgy = 
287 K. 
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trons in the absence of high-energy excitations. 
As shown below, reactions between these elec- 
trons and glycerol generate atomic and molec- 
ular hydrogen, water, and glycerol fragments 
within an estimated depth of 50 A. 

The continuously refreshed glycerol film, 
0.1 mm thick, was held at 287 K during Na-atom 
exposure (fig. S1) (72, 73). To delineate the re- 
action pathways, we used both C3H;(OD)3 and 
C3D;(OD)3 isotopologues. The velocity and an- 
gular distributions of the scattered Na atoms and 
desorbed reaction products were monitored by 
a rotatable mass spectrometer (/4). Product sig- 
nals were recorded as time-of-flight (TOF) dis- 
tributions after the stream of molecules exiting 
the liquid surface was divided into pulses by a 
spinning slotted wheel. The Na oven (held at 
670 K) produced a nearly effusive beam that de- 
posited ~1 monolayer of Na atoms on the glycerol 
film during its 0.2-s exposure time. 

Na-atom uptake into glycerol is explored in 
Fig. 1A, which compares the Na-atom signal 
after collision with the glycerol film to that ob- 
tained from FEP (fluorinated ethylene propyl- 
ene) Teflon, presumed to be much less reactive 
than glycerol. The strength of the integrated flux 
from Teflon is ~4 times that from glycerol, im- 
plying that at least ~80% of the impinging Na 
atoms dissolve into glycerol and do not escape. 
The recorded distribution of Na atoms scattered 
from Teflon was decomposed into two compo- 
nents corresponding to (i) Na atoms that scat- 
ter directly (higher velocities and shorter arrival 
times; dashed line) and (ii) those that fully dis- 
sipate their energy at the surface and then ther- 
mally desorb in a Maxwell-Boltzmann (MB) 
distribution at the glycerol temperature of Tg = 
287 K (lower velocities and longer arrival times; 
dotted line). The glycerol distribution mimics 
direct scattering from Teflon and is entirely miss- 
ing the thermal desorption component. Thus, Na 
atoms that thermally equilibrate on the glycerol 
film do not desorb into vacuum but instead re- 
main in contact with glycerol molecules. The 
absence of thermally desorbed Na atoms implies 
that they ionize into Na,” and e, before motions 
of the surface glycerol molecules can propel the 
atoms back into the gas phase. Ab initio mo- 
lecular dynamics simulations of Na-atom colli- 
sions with HO clusters corroborate this rapid 
interfacial ionization and show that surface wa- 
ter molecules reorient to point their OH groups 
toward the evolving Na,’ and e, (15). The high 
density of OH groups in glycerol likely pro- 
motes both the immediate Na ionization inferred 
here and the subnanosecond solvation of elec- 
trons in the bulk (/0). Reactions of these ioniz- 
ing Na atoms with solvent glycerol may occur 
through direct electron transfer from Na to glyc- 
erol (/6) or after partial or full electron solvation 
to form contact Na‘/e ion pairs or solvent- 
separated ions and electrons (/7, 18). 

Analysis of the observed product signals 
revealed that electrons from Na atoms react with 
C3D;(OD)3 to generate four volatile species: D 
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atoms, D>, DO, and glycerol fragments. The D 
atoms are created close enough to the surface 
that nearly half of them escape into the vacuum 
before reacting with the solvent or with each other. 

We observed copious water production from 
both glycerol isotopologues upon Na-atom ex- 
posure. Figure 1B shows D,O desorption from 
C3D;(OD)3 detected at a mass-to-charge ratio 
mlz = 20 (D,0°). This desorption is accom- 
panied by the natural evaporation of intact glyc- 
erol molecules, which appear at m/z = 20 through 
dissociative ionization in the mass spectrome- 
ter. The DO product molecules desorb with a 
MB velocity distribution at Ty, (blue curve fit 
to the net D,O signal) and a cosine angular dis- 
tribution (fig. $2). These good fits demonstrate 
that reactions of e, create DO molecules that 
thermally equilibrate before desorbing into vac- 
uum. D,O may be produced by ionic and neu- 
tral routes, as established in previous radiolysis 
studies of bulk liquid ethanol (/9) and ethyl- 
ene glycol (20). In the ionic pathway, an elec- 
tron attacks solvent glycerol to make hydroxide, 
e, + C3D;(OD); — *C3Ds(OD), + OD, fol- 
lowed by an acid-base reaction, C3D5(OD)3 + 
OD’ — D0 + C3D,(OD),0° (19). A second, neu- 
tral pathway involves D-atom attack on solvent 
glycerol to make Dz and *C3D,(OD)3, which sub- 
sequently decomposes into DO and the open- 
shell ketone *CD,COCD,0D (20). 

Figure 1, C and D, provides evidence for one 
or both DO channels through identification of 
the matching glycerol fragments. The TOF distri- 
bution, monitored at m/z = 18 (OD*), is much 
broader than expected for pure DO desorption 
even after subtracting the parent glycerol sig- 
nal. Figure 1C shows an attempt to fit this long— 
arrival time component with evaporation of 
parent glycerol (100 amu): The poor fit indicates 
that this component cannot be explained by 
glycerol desorption created by Na-atom sputter- 
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Fig. 3. (A) Deconvolution of the m/z = 2 TOF dis- 
tribution after collisions of Na with C3D;(OD)3. The 
distribution is fit by a sum of D, D2, D20, and glyc- 
erol MB distributions at Tyy. (B) D-atom signal after 
subtraction. 


ing or the local heat of reaction. Instead, the 
extra signal in Fig. 1D can be well fit by a MB 
distribution in the mass range of 78 to 84 amu. 
This range is consistent with evaporation of the 
*C3Ds(OD), and *CD,COCD;OD radicals and 
their closed-shell products after abstracting a 
D atom from a neighboring glycerol molecule 
(73). To the extent that it occurs, the desorption 
of the radical species provides a means to halt 
their decomposition and the associated chain 
reactions that occur in the bulk (20). 

Na ionization also initiates reactions that 
generate molecular hydrogen, as shown in Fig. 2. 
As with DO, the Dz molecules arising from re- 
actions with C3;D5(OD)); in Fig. 2A are fit well by 
MB velocity (solid lines) and cosine angular dis- 
tributions (fig. S2). This D2 production implies 
that D atoms are created by electron-induced 
dissociation of O-D and C-D bonds, after which 
the D atom abstracts a second D atom from the 
solvent. We found that D2 is not produced from 
the mixed isotopologue, C3Hs(OD)3, as shown in 
Fig. 2B. The absence of D, in this case has two 
implications. First, D atoms created by e, near the 
surface are not energetic enough to overcome the 
high activation energy for D-atom abstraction 
from O-D bonds (2/). In the case of C3D5(OD)3 
in Fig. 2A, D2 must instead arise from D-atom 
abstraction from a C-D bond. Second, D atoms 
react with solvent glycerol faster than they can 
react with each other (D + D > D,) at our low Na 
beam flux. The missing D, signal from C3H;(OD); 
instead appears as HD at m/z = 3 (Fig. 2C), 
which arises from D-atom attack on glycerol C-H 
rather than O-D bonds. The signal at m/z = 2 in 
Fig. 2D reflects the evaporation of both H, and D, 
which have the same mass, where H> is created 
from H-atom attack on glycerol C-H. Although 
D atoms almost exclusively break C-H bonds over 
the stronger O-D bonds, we find that e, pref- 
erentially breaks O-D bonds, generating D and 
C3H;(OD),0 (2, 13, 19, 22). A detailed analysis 


18+3% 
D 


of the Hz and HD signals from C3H;(OD); in- 
dicates that e, generates D and H from glyc- 
erol O-D and C-H bonds in the ratio of 3:1 (73). 
This ratio of electron-induced O-D to C-D bond 
breaking for C;D5(OD)3 is expected to be even 
higher because of the lower zero-point energy 
and weaker reactivity of C-D bonds relative to 
C-H bonds. 

The most striking distinction between our 
gas-liquid experiments and bulk liquid studies 
is shown in Fig. 3. The data provide direct evi- 
dence for the creation of D atoms near the 
surface of glycerol and their evaporation into 
vacuum. We monitored these D atoms at m/z = 2 
from the C3D;(OD)3 isotopologue, where there 
is no interference from desorbing H2. The TOF 
distribution shown in Fig. 3A includes dissocia- 
tive ionization components from parent glycerol 
or glycerol fragments, D.O, and Ds, in addi- 
tion to D atoms themselves. These extra com- 
ponents were subtracted from the distribution 
after fitting each component with a MB distri- 
bution at its parent mass with relative inten- 
sities consistent with established mass spectral 
patterns (table S1). The remaining signal in 
the distribution at early arrival times was fit by 
a MB distribution at the D-atom mass in Fig. 
3B. Analysis of the D and Dz signal intensi- 
ties (table S2) indicates that 43 + 4% of the D 
atoms desorb before they react to form D>, im- 
plying that D atoms are created close enough 
to the surface that desorption and reaction occur 
simultaneously. 

The similar time scales for D-atom desorp- 
tion and reaction may be used to gauge where 
these atoms are created by Na-atom ionization 
in glycerol. D-atom reaction times can be esti- 
mated from the 1.0 x 107 M's | rate constant 
for the analogous D + (CD3)2CDOD — D, + 
(CD3)2COD reaction in DO at 287 K (22). 
Using this rate constant and taking into account 
the 14 M density of glycerol, the half-life (42) 


24+3% 58+4% Glycerol 
D. D0 Fragment 


Fig. 4. First steps in the Na atom—initiated electron reactions with deuterated glycerol, C3D;(OD)3. 
Only the OD™ pathway for D20 production is shown. 
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for D atoms in pure glycerol is calculated to be 
5 ns. D-atom desorption competes nearly equal- 
ly with D-atom reaction; these atoms desorb on 
average over a depth of (Dt,»)"” = 50 A, or ~10 
glycerol layers, using a diffusion coefficient D ~ 
4x 10° cm’s ! for D atoms in D,O (23, 24). 
This reaction depth may even be shallower if 
the D atoms diffuse more slowly in pure glyc- 
erol because of its viscosity, 2800 cP, at 287 K 
(73). D atoms are therefore created by e, close 
to, but not necessarily within, the outermost re- 
gion where Na atoms ionize (/5). 

Figure 4 summarizes the production of D, 
D>, D0, and glycerol fragments initiated by 
surface Na-atom ionization, along with possible 
scenarios for their creation. Each species de- 
sorbs only after thermal equilibration. This ob- 
servation is complementary to the nonthermal 
ejection of D and O atoms after bombardment of 
D,0 ice by electrons carrying 5 to 50 eV of en- 
ergy (25), which is substantially greater than the 
—0.8 eV ionization enthalpy of Na in bulk water 
(26, 27). Analysis of the TOF signals (table S2) 
indicates that D, D2, and D3O desorb in the flux 
ratio 1:1.3:3.2. We thus find that nearly half of 
the D atoms produced by electron-stimulated 
dissociation of O-D and C-D bonds escape into 
the vacuum before they abstract a second D atom 
from the solvent to produce D5. This high de- 
sorption rate implies that near-surface reactions 
of even this energetic species must compete 
with its escape into the vacuum—a route that is 
not available deep within glycerol or other sol- 


vents, potentially including aqueous solutions. 
Because of the proximity of surface molecules 
to the gas phase, the observed competition be- 
tween evaporation and reaction should be a 
universal feature of the interfacial chemistry of 
neutral energetic species created by interfacial 
electrons. Alkali-atom collisions provide a prom- 
ising approach to prepare these electrons and 
the radicals they create, and to explore their re- 
actions with both solvent and solute molecules 
at or near the surfaces of liquids. 
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No Straight Path: Roaming in Both 
Ground- and Excited-State Photolytic 
Channels of NO;—NO + 0, 


Michael P. Grubb,? Michelle L. Warter,? Hongyan Xiao,” Satoshi Maeda,” 


Keiji Morokuma,”* Simon W. North?* 


Roaming mechanisms have recently been observed in several chemical reactions alongside 
trajectories that pass through a traditional transition state. Here, we demonstrate that the visible 
light-induced reaction NO3 > NO + Oz proceeds exclusively by roaming. High-level ab initio 
calculations predict specific NO A doublet propensities (orientations of the unpaired electron 
with respect to the molecular rotation plane) for this mechanism, which we discern experimentally 
by ion imaging. The data provide direct evidence for roaming pathways in two different 
electronic states, corresponding to both previously documented photolysis channels that produce 
NO + O>. More broadly, the results raise intriguing questions about the overall prevalence of 


this unusual reaction mechanism. 


involving multiple bond breaking and for- 

mation steps are characterized by a tran- 
sition state in the form of a well-defined saddle 
point on the potential energy surface. Recently, 
however, a second type of mechanism termed 
“roaming” has come to light, which bypasses this 
saddle point entirely (/—3). Instead, a frustrated 
bond cleavage leaves part of the molecule with- 


Tinenes chemical reaction mechanisms 


out sufficient energy to escape, and it orbits the 
remaining fragment until encountering a reactive 
site to form the products via intramolecular ab- 
straction. This mechanism has received consider- 
able attention in the past 8 years, having been first 
identified in formaldehyde dissociation as a mi- 
nor channel (4, 5) and then later in acetaldehyde 
as the dominant pathway to CH4 + CO products 
(albeit still a minor fraction of the overall quan- 


tum yield) (6, 7). Evidence of roaming dynamics 
has since been observed in a handful of other 
systems, but in all cases has been observed along- 
side a traditional tight transition state channel (2, 8). 

Recently, we reported that roaming may be 
the dominant of the two observed pathways 
that produce molecular products in NO3 photo- 
dissociation (9), a reaction of considerable at- 
mospheric importance. Additionally, theoretical 
calculations implicated roaming on the excited- 
state potential surface; previous observations of 
roaming were restricted to the electronic ground 
state (/0, 11). Here, we report direct experimental 
and theoretical evidence confirming the role of 
excited-state roaming in NO; photodissociation. 
Thus, roaming is not only the dominant mecha- 
nism for forming the molecular products of NO; 
but the exclusive mechanism, with no evidence 
of a competing traditional transition state. 
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The two dissociative pathways of NO; to 
yield NO and O, products were recently re- 
solved via high-resolution ion imaging experi- 
ments (9, /2). In those experiments, a molecular 
beam of dilute NO3 (<1%) in helium was pho- 
tolyzed by a 588-nm laser pulse. A single ro- 
vibronic quantum state of the NO photofragment 
was selectively ionized by a second laser, and the 
resulting NO cations were focused by electro- 
static lenses onto a two-dimensional microchan- 
nel plate-phosphor ion detector. The radial 
displacement of each ion impact is a measure 
of the recoil velocity resulting from the photol- 
ysis. By simultaneously measuring the NO quan- 
tum state and velocity, the quantum state of the 
coincident O, fragment could be determined 
through the conservation of energy and linear mo- 
mentum. State-selective correlated measurements 
are ideal for uncovering multiple reaction path- 
ways and revealed two separate pathways for 
the NO; — NO + Oj reaction. Pathway 1 (Pwy 1), 
the dominant pathway, resulted in highly vibra- 
tionally excited O, fragments in coincidence with 
lower NO rotational quantum numbers (Fig. 1, 
inset). This pathway bears many similarities to the 
roaming pathway observed in formaldehyde dis- 
sociation. The excited O, vibrational distribution 
originates from the extended O-O bond distance 
at the roaming saddle point (ONO-O). Vibra- 
tionally excited O, products (v > 6) have also 
been observed in the intermolecular abstraction 
reaction NO, + O > NO + Oj (/3), reinforcing 
the description of roaming as an intramolecular 
abstraction (/4, 15). 

The nature of pathway 2 (Pwy 2), which re- 
sults in fragments with large rotational angular 
momentum in both products and a colder O> 
vibrational distribution (Fig. 1, inset), has prov- 
en more elusive. Although it was speculated that 
the pathway originated from a traditional three- 
center transition state (12, 16), which is present 
in all other systems where roaming has been 
identified, no transition state of relevant energy 
has yet been calculated by theory. Recent theo- 
retical calculations mapping the potential energy 
surfaces of the first several electronic states of NO3 
have shown that the lowest-lying excited state, 
which is optically dark, is accessible through a 
series of conical intersections after photoexcita- 
tion to a higher-energy “bright” state (Fig. 1) (/0). 
Maeda and co-workers proposed that roaming 
actually occurs on this first excited dark state and 
may later access the ground state at long (ON-O) 
bond distances through another conical intersec- 
tion. The two experimentally observed pathways 
could therefore be explained by dissociation on 
two different electronic potential surfaces (/0, //). 
Furthermore, the ONO-O saddle point on each 
potential surface (SP1 and SP2) has a different 
O-O bond length leading to different vibrational 
distributions in the Oz product fragment, consist- 
ent with experimental observations. The critical 
role of the optically dark state in the photochem- 
istry of NO3 was unexpected and warranted fur- 
ther experimental exploration. 


An experimental test of this two-state roaming 
theory requires that a signature of the dissociative 
electronic state be retained in the photofragments. 
Electronic symmetry must be conserved for chem- 
ical processes, and thus the electronic orbital sym- 
metry in NO; should be maintained in the product 
fragments. The orbital symmetry of a diatomic 
molecule in a “TT electronic configuration such as 
the ground state of NO can be expressed by the A 
doublet propensity. An A" A doublet propensity 
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indicates that the singly occupied pr-orbital lobe 
is pointed out of the fragment rotational plane, 
whereas an A' A doublet propensity indicates that 
the lobe is oriented in the rotational plane. The 
photodissociation of water is a classic example of 
this electronic symmetry conservation. The ab- 
sorption of a photon leads to an excited electronic 
state of water characterized by an unpaired elec- 
tron in an out-of-plane pz-orbital lobe. This sym- 
metry is conserved during dissociation, resulting 
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Fig. 1. Schematic diagram of the lowest-lying electronic state surfaces proposed to give rise to the two 
experimentally observed pathways (Pwy 1 and 2) via C.l. (conical intersection) resulting from NO3 
photolysis at 588 nm. The experimental vibrational distributions of the O2 fragments produced from the 
two pathways are also provided, with the difference ascribed to different ONO-O bond lengths at the 
saddle points on the two surfaces (SP1 and SP2). 
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Fig. 2. Evolution of the key electronic orbital in the NO exit channel derived from the CASSCF cal- 
culations (18) of some representative structures along the post-C.l. reaction pathways determined by 
our previous study (10). The occupancy of the orbital is shown at each step in parentheses. In-plane 
dissociation results in opposite NO A doublet propensities for the two pathways. 
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in a strong preference for producing OH frag- 
ments in the upper A" A doublet state, from which 
stimulated emission has been proposed as a source 
for interstellar masers (/7). The correlation be- 
tween A doublet propensities and electronic ori- 
gin provides a convenient means of distinguishing 
pathways on different electronic potential surfaces, 
provided the electronic states possess different 
electronic symmetries. 

We performed ab initio calculations to deter- 
mine the evolution of the electronic orbitals in 
the NO3 exit channel, in order to predict the 
preferred A doublet state arising from each elec- 
tronic state potential surface. These orbitals were 
obtained by CASSCF calculations (/8) and cal- 
culated for some representative structures along 
the reaction pathways determined in our previ- 
ous study (/0). The results shown in Fig. 2 sup- 
port in-plane dissociation on both surfaces (/9) 
and conveniently predict opposite A doublet pro- 
pensities for each pathway. The pr-orbital lobe 
in the NO fragment containing the unpaired elec- 
tron lies in the NO rotational plane (A' A doublet 
state) for trajectories evolving on the ground state 
of NO3, whereas the lobe is perpendicular to the 
NO rotational plane (A" A doublet state) for tra- 
Jectories evolving on the dark state of NO3. Thus, 
experimental measurements of the NO A doublet 
propensities should show an A' preference for path- 
way | and an A" preference for pathway 2, if 
the two-state dissociation model is correct (20). 

The unpaired pr-orbital lobe in NO defines 
the spectroscopic transition dipole moment p for 
the ACZ) — X(T) transition, which is the res- 
onant step of the two-photon detection scheme 
previously used in the ion imaging experiments 
of (9, 12). The A doublet propensity of the NO 
fragment can therefore be determined by compar- 
ing the relative intensities of the P, Q, and R 
branches of this transition (2/). For a classical Q 
branch transition, is parallel to the rotational 
axis j. Therefore, a Q branch transition will pri- 
marily excite the A" A doublet state, where the 
unpaired pr-orbital lobe and hence p is pointing 


P+ P42(22)---- 
Qo. + Qy2(22) 
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out of the rotational plane along j. For a P or R 
branch transition, p is perpendicular to j and thus 
the A' A doublet state is preferred. In the case of 
our ion imaging experiments, the two dissocia- 
tion pathways result in NO fragments with two 
different translational energy distributions (ob- 
served as different radii in the ion images). Rel- 
ative A doublet propensities for the two pathways 
can therefore be determined by observing how 
the relative intensity of the two energy distribu- 
tions changes when the NO is detected via Q and 
P (or R) branch transitions. Previous measure- 
ments of rotationally excited NO fragments fo- 
cused on Q branch transitions, as the lines of this 
branch are more isolated in the excitation spec- 
trum. Here, we present measurements of a par- 
ticular NO rotational state probed via multiple 
rotational branches (/8). 

Figure 3 shows velocity map images of the 
NO (Tz v = 0, N = 22) photoproducts after 
resonance-enhanced multiphoton ionization, as 
well as the corresponding NO total translational 
energy distributions, probed via the Q>5 branch 
(right) and the Pz. branch (left). The lower— 
translational energy NO fragments originate from 
pathway 1 (because most of the available energy 
is in the vibration of the O2 cofragment), whereas 
the higher-translational energy NO originates from 
pathway 2. The results are dramatic, showing 
highly suppressed pathway 2 signal in the P2> 
branch ion image. This implies a strong prefer- 
ence in pathway 2 for producing NO in the A" A 
doublet state, in agreement with the theoretical 
prediction shown in Fig. 2. The magnitude of the 
difference in the relative intensities also suggests 
that NO derived from pathway | must possess 
the opposite A doublet propensity, in agreement 
with the ab initio calculations, although this result 
is not necessarily of dynamical origin because 
a 2:1 ratio favoring the A' state is statistically 
predicted if the dissociation is not constrained to 
the molecular plane (22). 

The results of these measurements and the 
corresponding theory strongly support in-plane 
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Fig. 3. Total translational energy distributions obtained from ion images of the NO photoproduct 
(TI3/2, V = 0, N = 22) probing the P2> + P2(22) (dashed) and Q> + Q,2(22) (solid) transitions, 
demonstrating the relative A doublet propensities of the two reaction channels (23). 
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two-state roaming dynamics for NO; photo- 
dissociation, without competition from a tradi- 
tional transition state mechanism. Additionally, 
the NO; system differs from previous document- 
ed roaming dissociations in that its roaming 
dynamics access multiple electronic potential 
surfaces. Near the product asymptotes the elec- 
tronic potentials converge, and because roaming 
trajectories explore a large area of these asymp- 
totic surfaces, it is not surprising that the tra- 
jectories may involve multiple electronic states. 
What effect does the slow, broadly sampling dy- 
namics of roaming have on a system’s ability to 
access additional potential energy surfaces? Do 
roaming dynamics lead to an even more com- 
plicated reaction than a simple intramolecular 
abstraction? The low vibrational states of the 
oxygen fragment associated with the dark state 
pathway could not be measured due to diminish- 
ing Franck-Condon factors in previous laser- 
induced fluorescence experiments. It is therefore 
unclear whether the excited state is accessed in 
the bimolecular NO, + O abstraction reaction or 
the thermal dissociation of NO3, or is confined 
to the photochemistry. However, the conical in- 
tersection at extended NO3 geometries between 
the ground- and excited-state potential energy 
surfaces, which has been proposed to lead to the 
observed multistate dynamics, should be equally 
accessible by bimolecular and thermal reactions. 
Whether excited-state roaming is widespread, or 
constitutes a unique feature of the NO3 system, 
remains to be seen. 
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High-Latitude Dust Over the North 
Atlantic: Inputs from Icelandic 
Proglacial Dust Storms 


Joseph M. Prospero,* Joanna E. Bullard,”* Richard Hodgkins” 


Mineral aerosols play an important role in the atmosphere-ocean climate system. Research has 
focused almost exclusively on sources in low-latitude arid regions, but here we show that there 
are substantial sources in cold, higher latitudes. A 6-year record of measurements made on 
Heimaey, an island south of Iceland, reveals frequent dust events with concentrations exceeding 
20 micrograms per cubic meter. Much of this potentially iron-rich dust is transported southward 
and deposited in the North Atlantic. Emissions are highest in spring and spatially and temporally 
associated with active glacial outwash plains; large dust events appear to be associated with glacial 
outburst floods. In response to global warming, ice retreat on Iceland and in other glacierized 
areas is likely to increase dust emissions from these regions. 


ineral dust aerosols affect climate di- 
Me by scattering and absorbing solar 
and terrestrial radiation and indirectly 

by affecting cloud properties and, in turn, the hy- 
drological cycle (/, 2). Moreover, dust is an im- 
portant source of iron (Fe), which in soluble form 
is an essential micronutrient in marine biota; con- 
sequently, dust inputs to the oceans can affect 
primary productivity and, in turn, the global car- 
bon cycle (3, 4). This is not only a contemporary 
phenomenon; evidence from terrestrial (loess) 
and ice core records shows increased dust activity 
associated with glacial periods that has been linked 
to the carbon cycle and long-term climate change 
(5—7). Accordingly, there is considerable interest 
in the global distribution of dust sources (8), 
factors affecting dust emissions, and the proper- 
ties of emitted particles; there are major efforts 
to model these processes on a global scale (4-9). 
Thus far, research efforts have focused almost 
exclusively on tropical and mid-latitude arid re- 
gions that clearly are major global dust sources 
(8). However, substantial dust events also occur 
in higher latitudes, particularly in proglacial and 
paraglacial regions (/0—/2). Dust emissions in 
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high latitudes are not confined to arid regions 
and can occur in humid areas such as Alaska, 
New Zealand, Patagonia, and Iceland (/0-/4). 
In ice-proximal areas, this is due to limited veg- 
etation cover, high meltwater sediment supply, 
and strong katabatic or density-driven down- 
glacier winds (//, 12, 15). Near ice sheets winds 
driven by steep regional or continental pressure 
gradients are important. To date, most measure- 
ments of high-latitude dust emissions have been 
confined to individual dust events (storms) or sin- 
gle seasons. Here we report a 6-year data set of 
aerosol emissions from Iceland. 

Daily dust aerosol measurements were made 
at Storh6fdi, located on the southern tip of the 
island Heimaey, 17 km off the south coast of 
Iceland (Fig. 1). A detailed description of the 
site and sampling protocols are available as 
supporting online material (SOM) on Science 
Online. Data for February 1997 to December 
2002 are shown in Fig. 2, along with data from 
October to November 2004, when intense dust 
activity was reported on Iceland. 

Dust is present year-round at concentrations 
of a few micrograms per cubic meter, but occa- 
sionally, concentrations increase sharply (Fig. 2). 
Concentrations exceeded 20 ug m? in 53 filter 
samples exposed over a total of 150 days and 
exceeded 50 pg m ° in 26 filters exposed over 
71 days. The highest concentration in our entire 
record occurred on 19-20 October 2004 and was 
1400 ug m*; the daily average concentration 
over the period 15 to 22 October was 555 ug m °. 


The original objective was to study pollution 
from the low latitudes; consequently, the sampler 
is controlled by wind direction to a 180° sector 
centered on due south. It therefore does not col- 
lect aerosols transported directly to the site by 
northerly winds; dust is sampled only after winds 
subsequently shift into sector, a frequent occur- 
rence under typical weather conditions in the 
region. Thus, the concentrations reported here 
are minimum estimates of the actual values in 
plumes crossing the coast. 

Dust activity is greatest in spring and early 
summer (Fig. 2C and table $1); concentrations 
>20 ug m ~ occurred most frequently in April 
(19 filter samples over 43 days) and May (14 sam- 
ples over 41 days). The dust events in Fig. 2 are 
not associated with peaks in nonseasalt SO7 or 
NO,, which might have suggested that the dust 
was transported from Europe in pollution events 
or dust events from Africa (/6), but they are 
instead linked to dust storms on Iceland. Forward 
air parcel trajectories from Storh6fdi calculated 
by use of the Hybrid Single-Particle Lagrangian 
Integrated Trajectory (HYSPLIT) Model (77) in- 
dicate that much of this dust is transported over 
the Atlantic Ocean. Trajectories for days when 
dust concentration exceeded 50 jg m ° reveal that 
after 120 hours, 14 (39%) of the air masses asso- 
ciated with dust events remained over the North 
Atlantic, and consequently, the dust was most like- 
ly deposited in the marine system. Of the remain- 
der, 13 (36%) made landfall within 120 hours on 
the west coast of Ireland or the UK; the remain- 
ing trajectories reached Norway, France, south- 
ern Greenland, or elsewhere in southern Iceland. 

To set Icelandic contributions of dust to the 
Atlantic in context, mineral dust concentrations 
measured at seven other North Atlantic locations 
are shown in Fig. 3. The highest concentrations 
are measured at Cape Verde and Izafia (Tenerife, 
Canary Islands), reflecting their proximity to 
Saharan dust sources (8, /8). Dust is transported 
westward across the North Atlantic and subsequent- 
ly recorded at samplers in Cayenne, Barbados, 
Miami, and Bermuda. Dust concentrations recorded 
at Mace Head, Ireland are generally low (maxi- 
mum monthly mean, 1.4 1g m * from 1989 to 1994) 
with the highest concentrations in the winter and 
spring (/8), some of which may be attributable 
to Icelandic sources. Dust concentrations mea- 
sured at Storh6fdi are comparable with those re- 
ported from Miami and Bermuda; however, 
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given the different nature of the marine ecosys- 
tems in the North Atlantic compared with the 
Caribbean, the biophysical impacts of dust in the 
two regions will not necessarily be the same. 
The magnitude, frequency, and timing of 
dust events are determined by aeolian transport 
capacity and sediment supply and availability 
in source regions (/9). Using satellite imagery 
and HYSPLIT back trajectories, we can attribute 
all the dust concentrations recorded at Storhdfoi 
to dust storms occurring on glacial outwash 
plains (sandar) in southern Iceland. A particu- 
larly intense source is Landeyjarsandur and is 
associated with sediments from the Markarfljot 
river (fed by meltwater from the Myrdalsjékull 
and Eyjafjallajokull ice caps), which are depos- 
ited on the sandar plains near borsmérk and 
form a wide coastal outwash plain. Another ma- 
jor source is the floodplain of the Olfusa River 
near Porlakshdfn. Deposits associated with these 
rivers have previously been identified as sources 


of dust that contribute material to soils in south- 
ern Iceland (20) and that can affect air quality 
in Reykjavik (27). On the southeast coast, the 
most active sandar sources are Medallandssandur 
and Skeidararsandur, located between the 
Myrdalsjékull and Vatnajékull ice caps. All of 
these dust sources are active in Fig. 4, a Moderate 
Resolution Imaging Spectroradiometer (MODIS) 
(Aqua) image for 5 October 2004. The plumes 
off the southeast coast are particularly dense and 
extend more than 500 km over the Atlantic Ocean. 

Studies of proglacial dust emissions indicate 
that the relative timing of meltwater events and 
dust emissions depends on wind velocities, flu- 
vial suspended sediment concentration, rate of 
desiccation of deposits, and the absence of snow 
cover (//, 12, 22). With unlimited sediment sup- 
ply, stronger winds will result in higher dust 
emissions, but if all winds are above the sediment 
transport threshold, the temporal variability of 
sediment supply and availability may control 
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dust concentrations (/9). Meteorological data 
from Storh6f6i, Kirkjubzejarklaustur, and Hell 
(Fig. 1) indicate that the highest dust concen- 
trations occur when temperatures and rainfall 
are low in the spring, but there are no clear rela- 
tionships with mean monthly or mean daily 
wind speed, or with the maximum gust recorded 
on the days of dust events (SOM). This is prob- 
ably due to sediment supply controls; however, 
the locations of the meteorological stations are 
likely to underestimate the strength of ice-sheet— 
driven katabatic winds (23). Extraglacial snow 
cover is low and variable in southern Iceland 
(accounting for 5 to 10% precipitation over 
December—March) and has generally thawed by 
early April (24). Rivers feeding the sandar re- 
ceive direct runoff, but most are also glacier-, 
lake-, or spring-fed. Peak discharge is typically 
in spring, and highest suspended sediment loads 
are in April; there is a second weaker peak in 
September (25, 26). It is likely that early spring 
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Fig. 1. (A) Southern Iceland indicating locations mentioned in the text. 
Data are from meteorological stations at Storhofdi, Kirkjubeejarklaustur, and 
Heell, showing the relationship between mean monthly dust concen- 


tration measured at Storhdfdi (open circles) and mean monthly (B) 
wind speed, (C) air temperature, and (D) rainfall, all for the period 
1997-2002. 
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floods flush out subglacial sediment, which is 
subsequently deposited on the floodplain; once 
floods have receded and sediments have dried, 
these deposits can be easily deflated. Depending 
on the quantity and nature of sediments delivered 
to the floodplain, fluvial sediments may be rapid- 
ly deflated, or as has been observed on flood- 
plains in Greenland, a lag deposit may develop, 
limiting further aeolian entrainment (//). Late sum- 
mer or autumn floods carry low sediment loads, 
which along with weaker winds might explain 
the low dust emissions in these seasons. The 
timing of dust events in Iceland contrasts with 
that observed in Alaska, where snow cover per- 
sists until early summer, and the coincidence of 
maximum sediment exposure and strong winds 
does not take place until the autumn (/2). 

In Iceland, a clear seasonal variation in dust 
concentrations can be linked to meltwater hy- 
drological regime; however, there are also occa- 
sional major, multiday dust events that can occur 
throughout the year. These large events may 
be associated with catastrophic glacial outburst 
floods (j6kulhlaups) that deliver high-magnitude 
pulses of sediment to the sandar and rework ex- 
isting deposits. For example, the 2 to 5 June 1997 
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Fig. 2. Mineral dust aerosol concentration time 
Storh6f6i, Heimaey, Iceland (A) 1997 to 2002 and (B) October to November 
2004 [scale change from (A)]. Arrows indicate dust events captured by 
MODIS (M) or SeaWiFS (SW) satellite imagery: 14 April 2000 (SW); 18 May 


dust event followed an increase in proglacial 
sediment supply resulting from a jékulhlaup in 
November 1996. On 29 September 1996, a mag- 
nitude 5 Richter scale earthquake occurred un- 
der Vatnajékull, followed by a volcanic eruption 
on 2 October. Meltwater accumulated under the 
ice cap until 5 November, when a large j6kulhlaup 
was triggered (27); 3.2 km* of water drained 
from the subglacial lake in 40 hours (28). The 
suspended sediment load was 1.8 x 10!! kg (29); 
although much of this was derived from re- 
working of preexisting fluvioglacial sediments 
(30), large quantities of silt and clay were also 
deposited on the floodplain surface. These sedi- 
ments remained on the floodplain after the event 
and during the winter of 1996 to 1997 until the 
following spring, when they were deflated from 
Skeidararsandur by northeasterly winds in June 
and subsequently detected at Storhéfdi. A smaller 
jokulhlaup occurred in the same region in mid- 
August 1997, apparently related to earthquake 
activity under Vatnajékull (26). This event might 
account for the high dust concentrations mea- 
sured in September 1997. 

The intense dust period in April 2000 is as- 
sociated with deflation from the Markarfljot area. 
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(1997 to 2002 only). 


In July 1999, subglacial volcanic activity with- 
in the Myrdalsjékull caldera generated a flood 
in the river Jékulsa 4 Solheimasandi (3/). This 
caused major reworking and deposition of sed- 
iments over extensive areas of the proglacial 
floodplain. The jékulhlaup deposits fined down- 
stream, laying down silt drapes across the flood- 
plain surface (3/). Deflation from these deposits 
was limited by high rainfall and low wind speeds 
in Autumn 1999 and February to March 2000 and 
by episodic snow cover and frozen surfaces in 
December 1999 and January 2000. However, in 
April 2000 rainfall was low, and wind speeds 
were high, causing desiccation and deflation of 
the jokulhlaup silts and leading to the high dust 
emissions observed (Fig. 2A). 

Last, we focused on October to November 
2004 (Fig. 2B) and the MODIS image from 
5 October 2004 (Fig. 4). The mean dust concen- 
tration on Heimaey from 3 to 6 October was rather 
low, only 47 ug m™. The peak concentration of 
1400 ug m ° occurred on 19 to 20 October. This 
period of dust emissions may be associated with 
seismic activity before the eruption of the vol- 
cano Grimsvétn on | to 4 November 2004. The 
Icelandic Meteorological Service (32) reported 
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tremor bursts beginning in mid-August, suggest- 
ing an increased seismic activity. On 11 October, 
icequakes were recorded within the subglacial 
catchment of the Sula River, possibly triggered by 
a small jokulhlaup. Although the occurrence of a 
dust peak in our records in this time frame may 
be coincidental, the magnitude and timing suggests 
that it might be related to the volcanic-glacial ac- 
tivity. However, the main eruption in early No- 
vember did not result in increased aerosol in our 
measurements, presumably because of wind con- 
ditions. In contrast, the eruption of Hekla on 26 
February, ending 8 March 2000, yielded a dust 
concentration of 94 1g m ° in our record. 
Recent studies of glacial dust sources suggest 
that they are potentially important contributors of 
iron to marine systems (/2, 33). We do not have 
detailed information about the chemical compo- 
sition of the dust being transported, but Icelandic 
soils are primarily of volcanic origin, with re- 
working by physical weathering and glaciers. 
They comprise brown andosols, gleyic andosols, 
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and vitrisols, with levels of ferrihydrite measured 
as 1 to 8%, 1 to 7%, and 0.4 to 3%, respectively 
(34). The analysis (35) of six aerosol samples 
collected at Storh6f6i during dust events (two 
from June 1997 and four from April 2000) yielded 
an average Fe content of 2.6% (ranging from 
1.3 to 4.4%), which is similar to average upper- 
crustal abundance, 3.5% (36), and to concen- 
trations in trade-wind African dust (35). This 
suggests that Icelandic dust emissions could con- 
tribute a substantial amount of iron to the North 
Atlantic. Maximum dust transport occurs in spring, 
when productivity in the Iceland Basin is at a 
maximum because of the upwelling of nutrient- 
rich waters (37). Dust-iron could conceivably 
play a role at this time, and possibly later, after 
the bloom ends in summer, when productivity 
is known to be Fe-limited (37) but when dust 
levels are low (Fig. 2C). 

Here, we have linked large dust events to 
proglacial sediment sources in southern Iceland. 
There is widespread aeolian activity across the 
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remainder of Iceland, which could also contribute 
dust to atmospheric and marine systems (20). Our 
data show year-round dust emissions, but there 
is a seasonal (spring maximum) pattern that is 
associated with meltwater sediment supply hys- 
teresis. This seasonality can be overprinted by 
influxes of dust from sediment deposits after 
catastrophic glacial flood events. In response to 
climate change, glaciers and ice caps on Iceland, 
as in many other regions, are predicted to recede, 
accompanied by an increase in meltwater run- 
off (38) and an increase in sediment flux during 
the initial stages of retreat (39). The topography 
underlying the south coast ice caps has a low 
gradient to the north and a steep topography on 
the southern side; ice retreat from the northern 
edge will expose more outwash plain (38), from 
which northerly winds may entrain sediments. 
Although some of these sediments will be lofted 
to high altitudes and transported out to sea, other 
material will be deposited on the snow and ice, 
decreasing the albedo and hence increasing the 
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Fig. 3. Mean monthly dust concentrations recorded at eight stations around the Atlantic Ocean. Arrows (not to scale) indicate main directions and relative magnitude of 
dust transported over the North Atlantic. Individual graphs are derived from data collected over time periods that are not necessarily concurrent with that from Heimaey. 
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Fig. 4. MODIS image, 5 October 2004, showing dust plumes emanating from sources in southern 
Iceland. Insets show dust plumes (A) along the coast of Landeyjarsandur; plus symbol indicates 
sampling sites at Storhdfdi, (B) Myrdalssandur, and (C) Skeidararsandur. 


rate of melting and recession (40, 41). The strength 
of katabatic winds may also decrease, increasing 
the probability of upslope dust transport onto the 
ice (42). It is likely therefore that the frequency 
of dust storms on Iceland and their intensity will 
increase in coming decades. This would have 
implications for a number of climate-forcing 
processes. It also raises issues of air quality and 
human health impacts (2/) in Iceland and will 
increase the quantities of dust being transported 
to the Atlantic and to Europe. 

We would expect that the dust-related pro- 
cesses observed on Iceland are also occurring in 
other high-latitude glacierized regions and that 
proglacial dust activity will become more wide- 
spread and intense as climate change continues. 
Global-scale modeling of changes in atmospheric 
dust loading under different climate conditions 
has shown that the inclusion of inferred glacigenic 
dust sources improves the simulation for the Last 
Glacial Maximum (4), but there have been very 
few process-based studies or systematic measure- 
ments of contemporary high-latitude dust emis- 
sions that can be used to better constrain these 
models. The results reported here represent a step 


toward a better understanding of high-latitude 
dust sources. 
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Glacial Survival of Boreal Trees in 
Northern Scandinavia 


Laura Parducci,?2* Tina Jorgensen,2* Mari Mette Tollefsrud,>* Ellen Elverland,** Torbjorn Alm,* 
Sonia L. Fontana,"* K. D. Bennett,”® James Haile,” Irina Matetovici,.?° Yoshihisa Suyama,"* 
Mary E. Edwards,’ Kenneth Andersen,” Morten Rasmussen,”"> Sanne Boessenkool,”“ Eric Coissac,”” 
Christian Brochmann,™ Pierre Taberlet,2> Michael Houmark-Nielsen,” Nicolaj Krog Larsen,*° 
Ludovic Orlando,” M. Thomas P. Gilbert,” Kurt H. Kjaer,” Inger Greve Alsos,* Eske Willerslev?+ 


It is commonly believed that trees were absent in Scandinavia during the last glaciation and 
first recolonized the Scandinavian Peninsula with the retreat of its ice sheet some 9000 years ago. 
Here, we show the presence of a rare mitochondrial DNA haplotype of spruce that appears 
unique to Scandinavia and with its highest frequency to the west—an area believed to sustain 
ice-free refugia during most of the last ice age. We further show the survival of DNA from 

this haplotype in lake sediments and pollen of Trendelag in central Norway dating back 
~10,300 years and chloroplast DNA of pine and spruce in lake sediments adjacent to the 
ice-free Andgya refugium in northwestern Norway as early as ~22,000 and 17,700 years ago, 
respectively. Our findings imply that conifer trees survived in ice-free refugia of Scandinavia 
during the last glaciation, challenging current views on survival and spread of trees as a 


response to climate changes. 


nderstanding rates of tree migration and 

| | resilience to climate change is important 
for explaining both the distribution of sin- 

gle species and anticipating how ecosystems may 
respond to ongoing climate changes. Although 
trees are among the plants best able to disperse 
widely, and thus able to track their niches as 
climate changes (/), their rate of spread is de- 
bated (2-4). Strong paleoecological and genetic 
evidence supports the observation that most tem- 
perate and boreal plant species survived the gla- 
cial periods in south and east European ice-free 
macrorefugia and recolonized northern areas when 
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the ice retreated at the end of the Late Weichselian 
(Wisconsian) and the beginning of the Holo- 
cene (5). 

Several recent studies using fossil and genetic 
data indicate the presence of populations of bo- 
real trees in the tundra of recent cold stages in 
Alaska (6), Yukon (7), Siberia (8), and Estonia 
(9). However, it remains controversial whether 
finds of spruce (Picea) and pine (Pinus) mega- 
fossils in the mountains of central Scandinavia 
dated to ~13,500 calibrated years before the 
present (cal. yr B.P.) (11,700 '*C yr B.P.) (10) 
indicate the presence of these tree taxa within the 
limits of the Scandinavian Ice Sheet (SIS) (Fig. 
1A). If they did survive here, glacial tree loca- 
tions were much farther north than generally 
accepted (//, 12). Previous estimates of potential 
Last Glacial Maximum (LGM) tree distributions 
using species distribution modeling have shown 
that boreal trees were much more widespread 
on the exposed North Sea continental shelf than 
thought (/3). However, analyses of sedimentary 
pollen from central Scandinavia yield limited evi- 
dence to support the refugia hypothesis in this 
region (/4), but near the tree limit there may be 
little or no pollen production (/5). 

Here, we extend traditional paleoecological 
methods with analyses of modern and ancient 
DNA (aDNA) to examine whether trees existed 
in Scandinavia at the LGM. We used mitochon- 
drial DNA (mtDNA) analyses (/6) to investigate 
whether modern Scandinavian Norway spruce 
(Picea abies) might be descended from ancient 
populations deriving from putative northern gla- 
cial locations. We sampled more than 100 forest 
stands across the contemporary European range 
of the species (the majority coming from the 
northern range) (Fig. 1B and table S1) and tested 
11 variable noncoding regions. In spruce, mtDNA 
is maternally inherited (17) and shows a slow 
mutation rate in plants compared to the nuclear 
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and chloroplast genomes (/8). This may result 
in strong genetic differentiation among modem 
populations underlined by the genetic signature 
of the glacial locations. 

Sequencing analysis showed a deletion of 21 
base pairs (bp) in the 141 bp constitutive of the 
mh0O5 fragment, yielding two haplotypes (Fig. 
1B and table S4). Haplotype A was found only in 
populations within Scandinavia, with the highest 
frequency in the western regions and a decreas- 
ing frequency toward the east. A second hap- 
lotype B was also observed in Scandinavia. 
Haplotype B can be considered ancestral to A 
because of its complete sequence similarity with 
the two sister species, Siberian spruce (Picea 
obovata) and white spruce (Picea glauca), and 
with the outgroup species Scots pine (Pinus 
sylvestris) (16). Haplotype B is fixed in all pop- 
ulations outside Scandinavia—including trees 
sampled from the southern European range of 
spruce in Germany, Switzerland, Serbia, Italy, 
and Austria (table S1). 

The distinct geographic distribution of hap- 
lotypes A and B is in agreement with classical 
patterns of population expansion out of at least 
two different locations after the LGM. As hap- 
lotype B is fixed outside Scandinavia, it appears 
to have dispersed after deglaciation from areas 
east or south of the Late Weichselian ice sheet, 
most likely from the Russian refugial areas, as 
indicated by earlier fossil (79) and molecular data 
(20). In contrast, haplotype A appears to have 
dispersed from western Scandinavia, as it is ab- 
sent from the rest of the European range. Re- 
constructions of the distribution and flow patterns 
of the SIS suggest the presence of ice-free cor- 
ridors along the Atlantic coastal areas of north 
Scandinavia and the Kola Peninsula during most 
of the Middle and Late Weichselian, except for 
relatively short intervals during the LGM be- 
tween 22,000 and 20,000 cal. yr B.P. and 18,000 
and 16,000 cal. yr B.P. (Fig. 1A). The origin of 
haplotype A must, however, predate the LGM, as 
simple models with constant population size and 
exponential growth show that the fixation of a 
mitochondrial mutation requires a minimum num- 
ber of 200,000 years in spruce populations [~5000 
generations; (/6)], excluding, therefore, a Holo- 
cene founder event from the east followed by sub- 
sequent expansion across northern Scandinavia. 
Alleles can also surf to high frequency at the edge 
of a colonization process, although in such cir- 
cumstances we would expect to see a decreasing 
level of nuclear genetic diversity with increas- 
ing genetic distance from the Russian glacial ori- 
gin. Instead, nuclear genetic diversity in Norway 
spruce is largely maintained from the Russian 
refugial areas to Scandinavia (2/). A western 
origin of haplotype A is supported also by mod- 
em molecular analysis based on nuclear micro- 
satellites that identified in the northern European 
range of Norway spruce a cluster of populations 
from central Scandinavia (2/). Such differenti- 
ation had not previously been found in the nad1 
region of the slower-evolving mtDNA genome, 
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but all populations from the northern European 
range share a similar old and ancestral nad1 
mtDNA variant (20). 

A likely explanation for the distribution pat- 
terns of haplotypes A and B is that scattered 
populations carrying A survived the LGM in mi- 
croenvironmentally favorable pockets in western 
Norway, where proximity to the relatively tem- 
perate conditions of the Atlantic Ocean may have 
favored survival during glacial times. After cli- 
mate warming, colonization of Scandinavia 
started first from local western stands that initially 
expanded slowly and eventually mixed with pop- 
ulations arriving from the east. Rapidly rising 
sea levels and complex glaciated terrain probably 
contributed to the scattered populations on the 
Atlantic coast remaining isolated and becoming 
fixed for haplotype A. As spruce can persist for 
hundreds of years by vegetative propagation 
under unfavorable conditions (22), it is possible 
that these trees produced no pollen, leaving no 
trace in the palynological record. 

To test whether spruce trees carrying hap- 
lotype A are indeed early Scandinavian survi- 
vors, we used aDNA extracted from lake sediments 
(23, 24) from the Trendelag region (63°N; central 
Norway) and on the island of Andoya (69°N; 
northern Norway). Such environmental aDNA (25) 
is shown to be local in origin and provides a proxy 
for plant paleo-community reconstruction that 
exhibits more similarity to macrofossils than to 
pollen records (26, 27). We also extracted and 


Fig. 1. (A) Reconstruc- 
tions of stages in the 
development of the 
Scandinavian Ice Sheet 
45,000 to 9500 cal. yr 
B.P. compiled from a 
range of sources (16) 
A, Andgya; T, Trendelag. 
(B) Geographical dis- 
tribution of mitochondrial 
mh05 haplotypes A (dark 
blue circles) and B (red 
Circles) in Norway spruce 
populations. Size of the 
circles is proportional to 
population size (centered 
white dots indicate pop- 
ulations with NV < 10; ta- 
ble $1). Arrows suggest 
postglacial movements 
of the two haplotypes 
after the LGM. The olive 
shading shows the natural 
range of Norway spruce. 


analyzed aDNA from the oldest spruce pollen 
found in the Trondelag core [6300 cal. yr B.P.; 
(16)]. We could not recover mtDNA from the 
deepest Andgya samples, likely due to the rel- 
atively low—copy number of mtDNA compared 
to chloroplast DNA (cpDNA) in plant tissues 
(see below). In contrast, we detected the spruce 
mtDNA haplotype A from the deepest samples at 
Trondelag dating to 10,300 and 6500 cal. yr B.P. 
and from spruce pollen 6300 years old (Fig. 2 
and table SSA). 

These early occurrences of haplotype A in 
Trondelag indicate that spruce was already 
present in the region during the early Holocene, 
much earlier than the first wave of colonization 
inferred from pollen analyses (~3000 cal. yr B.P.) 
(79). Our data are reinforced by a recent report of 
late-glacial and early-Holocene pollen and 
stomata of Pinus and Picea in the Dovre moun- 
tains in central Norway, which also indicate local 
presence of the two taxa (28). 

To further test where, and for how long, 
spruce trees might have survived in Scandinavia, 
we focused our studies at Andoya (Fig. 1A). This is- 
land is particular with regards to Late Weichselian 
and Holocene paleoenvironments, due to its long, 
continuous lacustrine sedimentary records, its 
early deglaciation at ~26,000 cal. yr B.P. (29), 
and its location only a few hundred kilometers 
north of the modern northern limit of spruce hap- 
lotype A. Thus, at a time when almost the whole 
of Scandinavia was covered by ice, Andgya’s 
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northern tip harbored a nunatak ecosystem [see 
(29-31)]. Previous work on the early vegetation 
history of Andeya is based on pollen records, and 
to a lesser extent on macrofossils (32). Here, we 
combined macrofossil and aDNA analyses of lake 
sediments to assess past local vegetation (/6, 33) 
to amplify short fragments of cpDNA [generally 
<100 bp; thus, shorter than the mtDNA mh05 
fragment (/6)]. Chloroplast DNA is also more com- 
mon than mtDNA in many plant tissues (34, 35), 
increasing the chances of DNA survival and de- 
tection in older sediments. 

Results from both macrofossil and cpDNA 
analyses indicate the presence ofa polar desert 
or open pioneer vegetation community from 
~ 22,000 cal. yr B.P. (fig. $3). Tundra herb di- 
versity increased with a climatic warming around 
15,000 cal. yr B.P., and there were further in- 
creases and changes in diversity in the Holocene, 
including the establishment of boreal species 
such as rowan (Sorbus aucuparia), generally re- 
flecting previous vegetation reconstructions [see 
(29-31)]. The most notable result was the finding 
of DNA of pine (Pinus sp.) in sediments dating to 
~22,000 and ~19,200 cal. yr B.P. and spruce 
(Picea sp.) in sediments dating to ~17,700 cal. yr 
B.P. (Fig. 2 and fig. S3). 

There is little knowledge about aDNA ta- 
phonomy and the processes that may deliver plant 
DNA to lake sediments. However, it is likely 
that tree aDNA at Andoya and Trondelag re- 
flects contemporaneous plant biomass derived 
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from the lake catchment. Seeds, needles, and bud 
scales can indeed be blown or washed over sub- 
stantial distances, especially in open ice-covered 
landscapes, but the long-distance proportion de- 
posited into an Arctic lake appears very small 
compared to that of any local component. Ad- 
ditionally, during the early Holocene, the shortest 
distance to any known pine or spruce locality 
from Andoya makes any long-distance transpor- 
tation of macrofossils highly unlikely. The de- 
gree of vertical migration or leaching of DNA 
through the sediments is also of concern, as pe- 
riodic downward percolation of water can move 
DNA in porous, granular sediments of cave pro- 
files (36). Lake sediments, however, are perma- 
nently saturated, and vertical percolation of liquids 
does not occur while organic compounds are 
immobilized in the sediment matrix (23). Other 
processes must be also considered, such as DNA 
derived from nonlocal pollen (ie., from long- 
distance transport) and reworking of older organic 
material. However, no pollen grains of spruce or 
pine were found in the Andgya samples in ques- 
tion [investigated explicitly microscopically (/6)]. 
Additionally, the possibility of a pollen source for 
our amplifications is unlikely as pollen grains 
contain small amounts of DNA, which are difficult 


Fig. 2. Temporal occur- 
rence of boreal trees at 
Andgya (A) and Trandelag 
(B) based on fossils, aDNA 
from sediments (circles), 
and aDNA from pollen (tri- 
angles) data. (C) Ice sheet 
fluctuations across north- 


(@) A Andgya 


to amplify (37). Also, at Trondelag in an attempt to 
use the generic nL primers, we failed to recover 
pine and spruce DNA from horizons where such 
pollen was present (/6). For Andeya, rework- 
ing (e.g., of interglacial or interstadial material) 
is also unlikely even though ice-free conditions 
prevailed before LGM. Although Quaternary ter- 
restrial deposits containing Eemian material have 
been reported 120 km farther north (/6), none are 
known from Andeya itself, and pollen stratig- 
raphies do not indicate that reworking is pre- 
valent (29-31). 

Coupling our findings with the results of 
previous megafossil-based analyses (/0), the over- 
all evidence for presence of conifer trees in 
Scandinavia during the last glaciation seems the 
only explanation for our observations. Although 
we cannot yet resolve whether this evidence re- 
flects local survival of trees from previous warm 
periods, or an early spread of trees as land be- 
came ice-free, these findings have considerable 
conservation implications, particularly in relation 
with the ability of spruce to survive under chang- 
ing climates. Although long-term survival does 
not exclude long-distance dispersal, such north- 
erly spruce distributions provide a case study of a 
species capacity to persist locally in a marginal 
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to 10,000 years ago. LGM | | 
(Egga 1) glacier extent 
went beyond the exam- 
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island (38) or alternative- 
ly 10 km farther west at 
the shelf edge (39). Re- 
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lakes unglaciated. Possi- 
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environment during the LGM and expand rapidly 
under more favorable conditions to develop dis- 
persed populations over a broad area, and expand 
yet again under even more favorable conditions 
to form dense and widespread populations. The 
identification of these genetic resources is also of 
great importance to breeding programs interested 
in identifying spruce provenances with traits 
related to flexibility to survive under changing 
climatic conditions. 

Northern glacial distributions of trees also 
indicate that tree populations can be undetected 
in pollen assemblages for millennia, which has 
cascading implications for pollen-based infer- 
ence of species invasion and migration patterns 
and rates. The latter may well have been lower 
for conifer trees than estimated from classical 
palynological studies. This should be taken into 
account when modeling future vegetational changes 
due to global warming. Finally, if tree popula- 
tions survived one of the most severe glacial pe- 
riods (LGM), and by inference even previous 
ones, this extends the history of trees in these lo- 
cations back to before the last glacial—interglacial 
period. Such persistence highlights the importance 
of extending ecological and genetic studies in 
forest trees to longer time scales, in order to prop- 
erly explain the evolutionary processes that shaped 
the modern distribution and genetic patterns of 
tree taxa. 
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Founder Effects Persist Despite 
Adaptive Differentiation: A Field 
Experiment with Lizards 


Jason J. Kolbe,’*+ Manuel Leal,” Thomas W. Schoener,? David A. Spiller,? Jonathan B. Losos* 


The extent to which random processes such as founder events contribute to evolutionary 
divergence is a long-standing controversy in evolutionary biology. To determine the respective 
contributions of founder effects and natural selection, we conducted an experiment in which 
brown anole (Anolis sagrei) lizard populations were established on seven small islands in the 
Bahamas, from male-female pairs randomly drawn from the same large-island source. These 
founding events generated significant among-island genetic and morphological differences 

that persisted throughout the course of the experiment despite all populations adapting in the 
predicted direction—shorter hindlimbs—in response to the narrower vegetation on the small 
islands. Thus, using a replicated experiment in nature, we showed that both founder effects and 
natural selection jointly determine trait values in these populations. 


tent of divergence from each other and from 

mainland source populations (/, 2). Mayr 
(3, 4) argued that these differences are often 
triggered by random sampling when island pop- 
ulations are founded by a few colonizing individ- 
uals. The resultant founder effects—changes in 
the genetic and phenotypic composition of a pop- 
ulation due to founding by a small number of 
individuals—have been proposed as an important 
cause of evolutionary divergence and even spe- 
ciation for the past half-century (3-6). However, 
an alternative explanation is that island environ- 
ments differ from each other and from the source 
locality, and these ecological differences result in 
divergent natural selection (7—9). The evolution- 
ary significance of founder effects also has been 


[= populations are renowned for their ex- 
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questioned because their imprint may be short- 
lived if populations perish because of a lack of 
genetic variation or because of demographic sto- 
chasticity, or if natural selection overwhelms their 
effects (10, 1/). Data from nature are lacking be- 
cause founder events are rarely observed [but see 
(/2)], and thus their effects must be inferred post 
hoc; yet laboratory studies indicate that even in 
the presence of natural selection, genetic drift in- 
duced by founder effects or population bottlenecks 
can contribute to patterns of phenotypic diver- 
gence [e.g., (13, /4)]. We report an experimental 
study of founder effects in a natural system of a 
Caribbean lizard, demonstrating that morpho- 
logical divergence caused by the founder effect 
persists even as populations adapt to their new 
environments. 

Some have argued that marked phenotypic 
change from a single founder event is very unlike- 
ly (Z/) and that genetic drift in general plays little 
part in morphological evolution (/5). Moreover, 
others note that evidence from recent introduc- 
tions suggests that adaptation is a more common 
cause of trait evolution than drift (6-18). Yet 
most concede that documenting these random 
sampling events in nature is exceedingly difficult 
(1, 15, 19-21). Without knowledge of founder 


attributes and repeated sampling of colonized is- 
lands, the relative contributions of founder ef- 
fects, population bottlenecks, natural selection, and 
gene flow to evolutionary divergence are impos- 
sible to disentangle (/9-2/). 

We capitalized on the extensive knowledge 
of how Anolis lizards adapt to their environment, 
combined with the opportunity to use small is- 
lands in the Bahamas, recently cleared of lizards 
by a hurricane, as experimental units in a natural 
setting. Our focus was on limb length and the 
extent to which lizard populations would adapt to 
the novel environments on these small and scrub- 
by islands. Extensive comparative and experiment- 
al research supports an adaptive explanation for 
the positive relationship between hindlimb length 
and perch diameter (i.e., the width of the cross sec- 
tion of the substrate that a lizard perches on, such 
as a branch or trunk) that is found among pop- 
ulations of anoles. Functional studies show a 
clear biomechanical basis: Lizards with relatively 
longer hindlimbs run faster on broad substrates, 
whereas lizards with shorter limbs for a given 
body size move more adeptly on narrow surfaces. 
Such performance probably aids in capturing prey, 
defending territories, and escaping from preda- 
tors. Indeed, field studies in this system show that 
hindlimb length is under selection, favoring longer 
hindlimbs to run faster when exposed to terres- 
trial predators and shorter hindlimbs after lizards 
become arboreal and shift to narrower perches 
[reviewed in (22)]. 

To assess the relative importance of founder 
effects versus natural selection, we introduced liz- 
ards to replicate islands to which we predicted 
they were not well adapted because of differences 
in structural habitat from their source, thereby sim- 
ulating founding events and altering the selective 
regime for limb length. Specifically, founding prop- 
agules were established on small experimental 
islands, all of which are sparsely vegetated and 
covered primarily with short, narrow-diameter veg- 
etation as compared to the more forested habitat 
of the lizards’ source area on a nearby larger is- 
land (Fig. 1 and figs. S1 and $2). Our prediction 
is that if natural selection is the dominant force, 
then we would expect all populations to evolve 
shorter hindlimbs as they adapt to using narrower 
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substrates; moreover, vegetation differences among 
experimental founder islands would be expected 
to produce a relationship between hindlimb length 
and perch diameter [reviewed in (22)]. Converse- 
ly, if founder effects are dominant, then we would 
expect no general trend in limb length evolution, 
with some populations increasing in limb length 
and others decreasing with respect to the source 
population, and limb variation being unrelated to 
vegetation differences among islands. 

In May 2005, we randomly selected one male 
and one female brown anole from lizards collected 
on a nearby larger island (Iron Cay, Bahamas, 
vegetated area >150,000 m?) to found popula- 
tions on seven small islands (vegetated area 
35 to 175 m’). The storm surge from Hurricane 
Frances in September 2004 submerged these small 
islands near Great Abaco, extirpating their lizard 
populations (23). We took morphological mea- 
surements and tissue samples for later genetic 
analysis from these founders. Over the next 4 years, 
we characterized the environment and repeatedly 
sampled lizards from the source population (Iron 
Cay), from the seven experimental founder is- 
lands, and from 12 nearby reference islands (veg- 
etated area 74 to 324 m”) having A. sagrei and a 
composition of spider, insect, and plant species 
similar to that of the experimental islands (24). 
All lizard populations increased in size for the 
first 2 years (averaging a 13-fold increase) and 
fluctuated in size thereafter (Fig. 2). 

A founder effect was immediately apparent, 
conforming to theoretical expectations and pre- 
vious empirical studies of genetic variation (25-27). 
In 2006, 1 year after introduction, multilocus geno- 
types from six microsatellite loci revealed an av- 
erage decrease of 46% in allelic diversity and 
23% in heterozygosity on experimental founder 
islands as compared to their source. Furthermore, 
allele frequencies differed significantly among 
all pairs of populations, including the source on 
Iron Cay (Stouffer’s z method of combining 
probabilities from exact G tests of six micro- 
satellite loci; all P < 0.05; table S1). Founder pop- 
ulations were dispersed around the mean value 
of the source population (Iron Cay) and varied 
fivefold in their amount of divergence from it; 
moreover, among-islands genotype frequencies 
in subsequent years were correlated with the geno- 
types of the two founding individuals [correlation 
coefficient (7) = 0.80 to 0.97 on principal coordinates 
(PCo) axes 1 to 3 for 2006, 2007, and 2009, all 
P <0.05; Fig. 3]. Islands differed significantly 
from each other in genotype frequencies (analy- 
ses of variance for PCo 1 to 3 separately, F624 = 
16.5 to 41.7, all P< 0.0001), whereas differences 
both across years and among islands across years 
were not significant. In all but one case (the is- 
land N3-Iron Cay comparison), pairwise fixation 
index (F gy) values indicated significant genetic 
differentiation between islands (table S2), al- 
though Fg; values should be interpreted cau- 
tiously because of the likelihood of nonequilibrium 
conditions in these recently established popula- 
tions. Moreover, genetic diversity was sustained 


after the founding event; only 1 locus out of 42 
on the seven islands (six loci per island) showed a 
net decrease in the number of alleles from found- 
ing in 2005 to 2009. These results support the 
persistence of the initial founder effect without 
subsequent genetic drift through time. 

A founder effect also was evident for hindlimb 
length, with experimental founder islands differ- 
ing significantly in 2006 (P = 0.0015; table S3 and 
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Fig. 4, inset). As with the genetic data, hindlimb 
values for island populations were dispersed around 
the mean value of the source population on Iron 
Cay (fig. S3). Furthermore, there was no relation- 
ship between perch diameter and relative hindlimb 
length among islands in 2006 (7 = 0.15, P= 0.39), 
supporting the interpretation that differences in 
hindlimb length among islands resulted from the 
founder event rather than adaptive divergence. 
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Fig. 1. Vegetation differences between the source population and those of the experimental founder 
islands. The schematic cartoon shows the change in the vegetation profile for lizards introduced from the 
source population on the more forested Iron Cay to the sparsely vegetated experimental founder islands. 
The vegetation illustrated is scaled to the mean values of vegetation height for Iron Cay and the pooled 


experimental founder islands, respectively. Bar graphs 


show the difference (mean + SE) in available veg- 


etation height and diameter from systematic transects on each island. We predicted that the change in 


vegetation profile would result in lizards using narrow 


would alter the selective regime to favor shorter hindli 


er perches on experimental founder islands, which 
mbs. 
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that year, ranged from 21.4 to 60.2 (not shown in this figure). In all but one case, the November 2006 size 
estimates greatly exceeded the population size in May 2007, suggesting high mortality rates. Rapid 


population expansion such as found here may prod 


uce conditions favorable to evolution by natural 


selection (16, 30) and may also curtail the loss of genetic variation after the initial founder effect. 
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Fig. 3. Multilocus geno- 6 
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time had multilocus genotypes consistent with being progeny of the founding pair (or founding female in the case of stored sperm use), and not until 2007 did 


we detect unambiguous immigrants. 
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Fig. 4. Change in hindlimb length on reference and experimental founder islands. Change in mean 
relative hindlimb length [calculated as the residuals of the regression of log—hindlimb length on log-body 
length (i.e., snout-vent length), separately for each sex] per year for populations on experimental founder 
and reference islands, including the source population on Iron Cay (open circle). The inset in the upper 
right shows how the mean (+SE) relative hindlimb length decreases on the experimental founder islands 
in each year. Islands N1, N3, and X3* are shown with dotted lines for clarity. Immigration does not alter 
the results for hindlimb differentiation, which are virtually identical when putative immigrants are re- 
moved from analyses. Although the source population (Iron Cay) decreased in hindlimb length, all lizards 
on experimental founder islands exhibited even greater decreases than those on Iron Cay and on all other 
reference islands, with the mean rate of hindlimb change on reference islands not differing from zero. 


We used systematic transects to quantify the 
available structural habitat (1.e., vegetation height 
and diameter). The vegetation profile of the source 
population on Iron Cay averaged substantially 
taller and broader vegetation (mean vegetation 
height = 384 cm and mean vegetation diameter = 
11.1 cm) as compared to the experimental found- 
er islands, which have much shorter and narrower 
vegetation (mean vegetation height ranged from 
62 to 107 cm and mean vegetation diameter ranged 
from 1.6 to 5.4 cm) (Fig. 1 and figs. S1 and S2). 
In turn, the mean perch diameter used by lizards 
on all experimental founder islands (3.2 cm) was 
smaller than for the source population (4.6 cm). 

As predicted by the adaptive relationship be- 
tween hindlimb length and substrate diameter (22), 
relative hindlimb length decreased greatly over 
the course of 3 years on all seven experimental 
founder islands (P < 0.0001; table S4 and Fig. 4, 
inset), with a decrease of 6.5% for males and 
4.0% for females (calculated at the median body 
size for each sex; table S5 and fig. S4). The mag- 
nitude of this decrease in hindlimb length was so 
great that mean values in 2006 are nearly non- 
overlapping with 2009 values (Fig. 4, inset). We 
monitored nearby reference islands for the same 
length of time, and the decrease on experimental 
founder islands was five times greater than on the 
reference islands [mixed effects analysis of covar- 
iance (ANCOVA) test for an island type (reference 
versus experimental founder islands)-by—year 
interaction: P < 0.0001; table S6 and Fig. 4]. The 
rates of decrease on all seven founder islands 
were greater than the rates for all reference is- 
lands, including the source population on Iron 
Cay (Fig. 4), and the mean rate for the reference 
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islands did not differ significantly from zero (¢ = 
1.55, df = 12, P= 0.15), whereas the mean rate 
for the experimental founder islands did (t = 
11.53, df= 6, P < 0.0001). 

Despite this substantial adaptive response, 
the mark of the founder event persisted, as illus- 
trated by the significant difference among is- 
lands (ANCOVA: P < 0.0001; table S4) and the 
minimal change in the order of mean hindlimb 
length values among experimental founder islands 
from 2006 to 2009 (year-by-island interaction: 
P=0.70; table S4 and Fig. 4, inset). Furthermore, 
multiple regression confirms the persistence of 
the founder effect by showing that mean relative 
hindlimb lengths among islands in 2006 had a 
positive relationship with values in 2009 (P = 
0.046), and it demonstrates that no relationship 
existed between hindlimb lengths in 2009 and the 
diameter of either available vegetation (P = 0.17) 
or perches (P= 0.86), indicating that adaptation 
to differing environments cannot explain varia- 
tion among islands in hindlimb length. 

Hindlimb growth can be affected by environ- 
ment during ontogeny in A. sagrei (28), but such 
phenotypic plasticity is unlikely to explain the 
large decreases in hindlimb length detected on 
the experimental founder islands from 2006 to 
2009. If plasticity were important, we would have 
expected to see an immediate difference in hind- 
limb length between the founders and their first- 
generation descendants due to the latter developing 
in the new, narrow-vegetation environment, but 
the range in population means in 2006 overlapped 
completely with that of the male founders. More- 
over, perch diameter did not change over time on 
experimental founder islands (year: P= 0.10, and 
year-by-island interaction: P= 0.13), even as hind- 
limb length progressively decreased, showing that 
the change in hindlimb length cannot be attributed 
to a change in a possible stimulus for plasticity. 
Finally, the magnitude of hindlimb divergence is 
three to five times greater than that produced by 
plasticity in A. sagrei raised on only narrow or broad 
surfaces in laboratory experiments (28) (fig. S5), 
even though the difference in perch diameter 
(1 versus 9 cm) imposed in the laboratory experi- 
ment was much greater than the differences in 
mean perch diameter observed between the source 
population and those of the experimental founder 
islands (4.6 cm and 2.6 to 4.5 cm for Iron Cay 
and the experimental founder islands, respectively). 

Founder events generated among-island ge- 
netic and phenotypic differences that were similar 
in magnitude to those observed among popula- 
tions on nearby islands (our reference islands), 
as well as among natural populations occurring 
throughout the Bahamas (tables S1 to S3, Fig. 3, 
and figs. S3 and S5). The strong genetic differen- 
tiation among founder islands, illustrated by al- 
lelic differentiation and Fg; values of similar 
magnitude to those seen among nearby reference 
islands, remained stable over the 4 years of the 
study (Mantel’s r = 0.86 to 0.94 for correlations 
among pairwise F's; matrices in 2006, 2007, and 
2009, all P < 0.01; tables S1 and S2). The strong 


imprint of the founder effect and the stability of 
among-population genetic differentiation occurred 
despite evidence for ongoing immigration. As- 
signment tests and pedigree analyses revealed 
that 11% of individuals sampled on experimental 
founder islands in 2007 and 2009 had multilocus 
genotypes consistent with being first-generation 
immigrants. In terms of phenotypic differentiation, 
the level of hindlimb divergence observed among 
experimental founder islands was only slightly 
less than that seen both among nearby reference 
islands and among natural populations from across 
the Bahamas (fig. S5). These results did not change 
when putative immigrants were removed from 
analyses. That the magnitude of the genetic and 
phenotypic differentiation produced by founder 
events rivals that seen among populations on nat- 
ural islands indicates that founder effects may, as 
some have suggested, be an important cause of 
variation among islands (3, 4). 

Our results indicate that founder effects per- 
sist, even in the face of substantial adaptive dif- 
ferentiation. The impacts of founder events on 
neutral genetic variation have long been recog- 
nized and are clearly evident here (25, 27) (tables 
S1 and S2 and Fig. 3), but the impact of founder 
effects on phenotypic divergence is still debated. 
In support of the selectionist school, we show that 
differentiation from the source population is mostly 
the result of adaptation to the new environmental 
milieu on the experimental islands (7—9, 16-18, 22). 
However, the imprint of the founder effect remains 
apparent, even as this adaptive divergence has 
occurred; indeed, variation among experimental 
founder islands at the present time is better ex- 
plained by initial phenotypes than by current envi- 
ronmental conditions (Fig. 4, inset). What remains 
to be seen is whether—or for how long—these 
founder effects will persist in the face of natural 
selection. One might expect that just as selection 
has driven a decrease in hindlimb length from that 
of the source population in response to the narrower 
vegetation on the founder islands, it will ultimate- 
ly also drive smaller-scale differentiation among 
islands as their lizard populations similarly adapt 
to the much smaller differences in perch diameter 
and erase the signal of the founder event. This pre- 
diction is not a foregone conclusion: Not only are 
habitat differences among experimental founder 
islands small, but the ultimate outcome is depen- 
dent on the interaction of changing demographic, 
environmental, and genetic factors. 

We here show that founder effects can play an 
important role in the divergence of island pop- 
ulations, even as adaptation occurs. By measur- 
ing the phenotypic values of founders and their 
descendents, we have distinguished between the 
influences of the founder effect and of adaptation; 
thus, we provide clear evidence of a rarely char- 
acterized dimension of evolutionary divergence 
among populations. 
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Pollinator-Mediated Selection on Flower 
Color Allele Drives Reinforcement 
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Robin Hopkins* and Mark D. Rausher 


Reinforcement is the process by which reduced hybrid fitness generates selection favoring 

the evolution of stronger prezygotic reproductive barriers between emerging species. Using 
common-garden field experiments, we quantified the strength of reinforcing selection in nature 
by demonstrating strong selection favoring an allele conferring increased pigment intensity in 

the plant Phlox drummondii in areas of sympatry with the closely related species Phlox cuspidata. 
Incomplete hybrid sterility between the two species generates selection for traits that decrease 
interspecies hybridization. In contrast, selection on this locus is undetectable in the absence of 
P. cuspidata. We demonstrate that reinforcing selection is generated by nonrandom pollinator 
movement, in which pollinators move less frequently between intensely pigmented P. drummondii 
and P. cuspidata than between lightly pigmented P. drummondii and P. cuspidata. 


einforcement is the evolution of increased 
R eee reproductive isolation due to 
selection favoring decreased hybridiza- 
tion between diverging groups of individuals or 
emerging species (J—-4). A. R. Wallace first pro- 
posed that selection against hybrids might favor 
the evolution of novel prezygotic isolating bar- 
riers (subsequently termed the Wallace effect) in 
1889 (5). Although this idea has been controver- 
sial, recent theoretical and empirical work suggests 
that reinforcement may often play an important 
role in increasing reproductive isolation in nature 
(J, 3, 4, 6, 7). However, the magnitude of re- 
inforcing selection in nature is generally unknown, 
as are the genes upon which such selection acts. 
Theoretical models have demonstrated that direct 
environmental selection can be more effective in 
influencing trait evolution than reinforcing selec- 
tion (6, S—/1), but previous investigations of re- 
inforcement have rarely differentiated between 
these two types of selection [but see (/2, /3)]. 
Flower color variation in Phlox drummondii 
has been hypothesized to be an example of re- 
inforcement (/4). The geographic range of this 
species partly overlaps with that of a congener, 
P. cuspidata, in eastern Texas. Both species have 
the light-blue (sometimes called violet or pink) 
flower color characteristic of most Phlox spe- 
cies in allopatric areas of their ranges, whereas 
P. drummondii has dark-red flowers in regions 
sympatric with P. cuspidata (15). In the region of 
sympatry, populations of the two species fre- 
quently grow in close proximity; produce hybrids 
in nature that have high, but not complete, ovule 
and pollen sterility; and exhibit some interspecific 
gene flow (/6, 17). In P. drummondii, the dif- 
ference between the ancestral light-blue flower 
color and the derived dark-red flower color is 
caused by mutations in the cis-regulatory regions 
of two genes (/8). Down-regulation of the gene 
coding for the enzyme Flavonoid 3'5’-hydroxylase 
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(F3'5'h) alters the anthocyanin pigment com- 
position of flowers and changes them from blue 
to red. At this hue locus, the ancestral “blue” 
allele (H) is dominant to the derived “red” allele 
(A). Up-regulation of an R2R3-Myb transcrip- 
tion factor increases the amount of pigments 
produced, resulting in increased color intensity. 
At this intensity locus, the derived “dark” allele 
(J is dominant to the ancestral “light” allele (7). 
Western, allopatric P. drummondii populations are 
fixed for the i and H alleles, whereas eastern, 
sympatric populations are fixed or nearly fixed for 
the / and / alleles, and the two recombinant flow- 
er colors, light-red (iihh) and dark-blue (,H-), 
occur only near the boundary between allopatric 
and sympatric populations (/5). 

Patterns of neutral genetic variation across the 
range of P. drummondii suggest extensive gene 
flow between allopatric and sympatric popula- 
tions, indicating that natural selection and not 
genetic drift is likely responsible for the geo- 
graphic pattern of flower color variation (/5). To 
determine whether selection in sympatry is due 
primarily to environmental factors acting directly 
on flower color variation, rather than to effects of 
reinforcement, we performed a common-garden 
field experiment designed to detect selection in the 
absence of P. cuspidata. We measured average fit- 
ness of the four flower-color double-homozygote 
genotypes in their natural habitat. Three generations 
of crosses were performed to produce seeds of 
known flower-color genotype and to randomize the 
genetic background of loci unlinked to the two 
flower-color loci (/9). For clarity, we will refer to the 
homozygous color genotypes by their correspond- 
ing flower color throughout the remainder of this 
paper. A total of 2720 seeds were planted in a ran- 
domized block design, with 170 individuals per 
genotype per block, at the University of Texas 
Stengl research station (Smithville, Texas). This 
station is located within the sympatric region of 
P. drummondii and P. cuspidata and contains 
natural populations of both species (/9). 

No significant differences in survival or re- 
productive success among the flower-color geno- 
types were observed (table S2). We noted that 


survival was slightly lower for two derived geno- 
types (dark-blue and dark-red), compared with the 
ancestral genotype (light-blue), whereas it was 
slightly higher for the derived genotype light-red 
(Fig. 1A). The number of fruits produced was 
slightly higher for all three derived genotypes com- 
pared with light-blue (Fig. 1B), but these differ- 
ences were also not statistically significant (table 
S3). There were no detectable differences among 
genotypes for number of seeds per fruit (table S4). 
Female fitness, the product of survival and fruit 
production, was also slightly higher for the derived 
genotypes, compared with light-blue genotype 
(Fig. 1C), but again none of these differences were 
statistically significant (/9). Overall, we did not 
detect environmental effects acting directly on 
flower color favoring the derived allele at either the 
hue or the intensity locus in the area of sympatry. 

To examine whether reinforcing selection gen- 
erated by hybridization with P cuspidata favors 
the derived allele at either flower-color locus, we 
established blocks consisting of 30 plants of one 
of the double-homozygous genotypes (“focal 
plants”), as well as 105 light-blue plants of a 
stock line. We followed 30 of the light-blue stock 
individuals as “reference plants” to control for en- 
vironmental variation among blocks. In addition, 
we planted 115 P. cuspidata plants in each block. 
We collected fruits from reference and focal plants 
and randomly chose 100 to 150 seeds from each 
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Fig. 1. Fitness components for each flower color 
genotype. (A) Survival probability (n = 1909). (B) 
Fruit production (n = 1240). (C) Fitness (n = 
1909). (D) Relative hybridization rate (n = 931). 
Bars indicate 1 SE. 
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focal and reference genotype in each block to 
genotype and determine whether the paternal 
parent was P. drummondii or P. cuspidata (19). 
Using this paternity test, we calculated the hy- 
bridization rate for focal and reference genotypes 
within each block. 

Across the four blocks, the hybridization rate 
(proportion of seeds sired by P. cuspidata) varied 
between 28 and 44% for the light-blue reference 
plants, which indicated substantial overall inter- 
specific hybridization. The hybridization rates of 
the light-blue and light-red focal plants were sim- 
ilar to those of their respective reference plants 
(Fig. 1D and table S5, a and b). In contrast, the 
hybridization rates of dark-blue and dark-red 
focal plants were more than 50% lower than the 
reference plants (Fig. 1D and table SS, a and b). 
Thus, we conclude that the dark allele (/) at the 
intensity locus significantly decreases hybridiza- 
tion between P. drummondii and P. cuspidata. 
Given conservative empirical estimates of hybrid 
sterility of ~90% (/7) and the average light-blue 
reference plant hybridization rate of 0.43, the 
reduction in hybridization translates into a se- 
lection coefficient of 0.32 favoring the dark allele 
(19). The two species of Phlox are commonly 
found in intermixed populations with spatial 
proximity similar to that in our experiments. In 
these populations, the strong reinforcing selection 
documented here would increase the frequency 
of the dark allele rapidly to fixation. Extensive 
gene flow between P. drummondii populations (15), 
including those without nearby P cuspidata, has 


likely resulted in the subsequent spread of the 
dark allele throughout the sympatric region. To 
our surprise, there appeared to be no effect of the 
red allele at the hue locus on hybridization, even 
though this allele is fixed in sympatric popula- 
tions. Taken together with the lack of difference 
in fitness among genotypes in the first experiment, 
the difference in hybridization rates between dark 
and light plants supports the hypothesis that re- 
inforcing selection is responsible for the fixation 
of the dark allele in sympatric populations. 

Manual pollen transfers indicate that there is 
no difference between light and dark flowered 
plants in fertilization success of P. cuspidata pollen 
(/4). These data suggest that dark-flowered indi- 
viduals are not less compatible with P cuspidata 
pollen than light-flowered individuals. It is there- 
fore likely that nonrandom patterns of pollinator 
visitation between Phlox species with different 
flower colors explain our observed variation in 
hybridization. We examined patterns of pollinator 
visitation in experimental arrays to test this hy- 
pothesis. We constructed three arrays containing 
light-blue plants, P. cuspidata plants, and either 
light-red, dark-red, or dark-blue focal plants (79). 
We observed a total of 181 pollinators making a 
total of 2301 transitions between plants. 

The primary visitors to both Ph/ox species in 
these arrays, as in natural populations, were Battus 
philenor butterflies (108 individuals observed) 
and various species of skippers (Lepidoptera, 
family Hesperiidae) (73 individuals observed) 
(table S6a). Both types of pollinators displayed 


Table 1. The percentage of transitions by pollinators across flower types. (A) Pollinator movement 
between colors and species within arrays containing light-red P. drummondii. (B) Pollinator move- 
ment between colors and species within arrays containing dark-blue P. drummondii. (C) Pollinator 
movement between colors and species within arrays containing dark-red P. drummondii. The per- 
centages of transitions between P. cuspidata and P. drummondii plants are in bold. 


A Pollinators in arrays with the light-red P. drummondii moved 


To (%) 
From Light-red Light-blue P. cuspidata 
Light-red (252) 32 44 24 
Light-blue (219) 50 22 28 
P. cuspidata (185) 34 31 35 


B Pollinators in arrays with the dark-blue P. drummondii moved 


To (%) 
From Dark-blue Light-blue P. cuspidata 
Dark-blue (222) 51 38 11 
Light-blue (198) 42 18 40 
P. cuspidata (274) 7 32 61 


C Pollinators in arrays with the dark-red P. drummondii moved 


From Dark-red 
Dark-red (255) 37 
Light-blue (335) 37 
P. cuspidata (378) 9 


To (%) 
Light-blue P. cuspidata 
50 13 
25 38 
33 58 
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similar movement patterns and visited both Phlox 
species extensively (table S6b). In arrays with light- 
red plants, there is no evidence of pollinator con- 
stancy, as measured by the Bateman’s Constancy 
Index (19, 20) (table S6c). Pollinators were equally 
likely to visit light-blue and light-red plants after 
visiting P. cuspidata (Table 1A) (/9). This pattern is 
consistent with finding no difference in hybridiza- 
tion rates between these two genotypes. In addition, 
pollinators were equally likely to visit a P. cuspidata 
plant after visiting a light-blue or a light-red plant, 
which suggested that pollen wastage through in- 
terspecific fertilization does not differ between 
these two genotypes (Table 1A) (79). 

In contrast, pollinators in arrays containing 
either dark-blue or dark-red plants exhibited a 
significantly higher species-level Bateman Con- 
stancy Index for dark-flowered genotypes com- 
pared with light-flowered genotypes (table S6c). 
In particular, pollinators were half as likely to 
visit dark plants as light-blue plants after visiting 
a P. cuspidata—a pattern that explains the re- 
duced hybridization observed in plants with dark 
pigmentation (Table 1, B and C) (/9). Pollina- 
tors were also substantially less likely to visit a 
P. cuspidata after visiting a dark-blue or dark-red 
plant than after visiting a light-blue plant (Table 
1, B and C) (/9), which suggested that darkly 
pigmented plants waste less pollen on inter- 
specific pollination. Although we did not directly 
measure male fitness in our field experiments, 
this observation indicates that the dark allele may 
significantly increase male fitness, in addition to 
female fitness, relative to the light allele. It is 
possible that pollinators could be responding to 
pleiotropic effects of the intense allele (e.g., nec- 
tar volume or concentration), but this seems un- 
likely given the visual orientation of the primary 
pollinator, B. philenor (21). 

Our investigations provide no explanation for 
why sympatric populations of PR drummondii 
have evolved red flowers. Although previously 
we used patterns of genetic variation at this locus 
and at neutral markers to show that natural se- 
lection drove the fixation of the red (/) allele in 
the region of sympatry (/5), in the current study, 
we detected neither fitness differences nor differ- 
ences in levels of interspecific hybridization be- 
tween genotypes at the hue locus. One possible 
explanation for these contrasting results is that 
selection due to environmental factors favors the 
red allele in sympatry but that the magnitude of 
this selection is too small to detect given the power 
of our analysis (as may be evidenced by Fig. 1C). 
A second possibility is that environmental selection 
operates only intermittently on this locus and was 
absent during our experiments. Finally, a third pos- 
sibility is that a selective agent, such as another type 
of pollinator, generated selection in the past on 
the hue locus but is no longer present. Although 
hitchhiking by the red allele in a selective sweep 
involving a closely linked gene is a formal pos- 
sibility, this seems unlikely because it would have 
required that the favored mutation arose on a 
rare haplotype carrying the red allele. 
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By measuring reinforcing selection acting on 
the dark flower—color allele in P. drummondii under 
natural sympatric conditions and by quantifying 
selection in the absence of P. cuspidata, we were 
able to compare the relative strengths of direct 
selection by other environmental factors and 
by reinforcing selection on a trait conferring in- 
creased premating isolation in a region of sympa- 
try. The absence of detectable fitness differences 
among flower color genotypes in the absence of 
P. cuspidata indicates that another agent of se- 
lection is unlikely to be involved in flower color 
divergence in P. drummondii. Although we can- 
not rule out small, statistically undetectable dif- 
ferences in survival or reproductive success favoring 
these genotypes, such differences would be of minor 
importance compared with the strong reinforcing 
selection acting on the intensity locus. 

Many plants have evolved premating repro- 
ductive isolation by switching pollinator types 
(e.g., from bees to hummingbirds) (22-24). Our 
work suggests that increased reproductive isolation 
can also be achieved by a single pollinator species 
through constancy of individual pollinators. In par- 
ticular, if pollinators transition between flowers 
with similar phenotypes more frequently then be- 
tween flowers with unlike phenotypes, this will 
decrease gene flow between unlike flowers. Con- 
stancy is commonly studied in bumble bees but 
rarely investigated in butterfly pollinators (20, 25). 
That the primary pollinator Battus philenor ex- 
hibits this type of constancy is not surprising, 
given that females of this species exhibit con- 
stancy for leaf shape when searching for ovi- 
position sites (2/). 

Theoretical models indicate that the likeli- 
hood of successful reinforcement is greater when 
selection is strong, because this will counteract 
gene flow and recombination, which tend to 
reduce premating isolation (26-28). Our results 
indicate that, at least in some cases, very strong 
reinforcing selection may act on a single allele 
and lead to increased reproductive isolation. 

Theory also indicates that reinforcement is 
more easily achieved by a one-allele mechanism 
(4, 29), but empirical assessment of this predic- 
tion has been difficult because the genetic basis 
of reinforcement is understood in few systems 
(7). Our current demonstration of reinforcing se- 
lection acting on the dark allele indicates that 
reinforcement in P. drummondii involves a two- 
allele reinforcement mechanism. The intensity 
locus causes reproductive isolation only if the 
dark allele is present in P. drummondii and the 
light allele is present in P. cuspidata. Consistent 
with theory, we find that strong selection and 
high levels of hybrid sterility cause the spread of 
the dark allele through sympatric P. drummondii 
populations. We suspect all reinforcement mech- 
anisms involving different floral phenotypes to 
which pollination vectors must respond will be 
two-allele assortative mating mechanisms, be- 
cause pollinators must be able to discriminate 
between the novel phenotype in one species and 
the ancestral phenotype in both species. 


Although reinforcement has been studied pri- 
marily in animals (3, 7), our work indicates that it 
may also be an important contributor to speciation 
in plants. If so, this phenomenon may provide a 
partial explanation for the tremendous diversity of 
floral color, floral morphology, and inflorescence 
structure that characterize flowering plants. 
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Generation of Leaf Shape 
Through Early Patterns of Growth 


and Tissue Polarity 
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A major challenge in biology is to understand how buds comprising a few cells can give rise 

to complex plant and animal appendages like leaves or limbs. We address this problem through 
a combination of time-lapse imaging, clonal analysis, and computational modeling. We arrive 
at a model that shows how leaf shape can arise through feedback between early patterns of 
oriented growth and tissue deformation. Experimental tests through partial leaf ablation support 
this model and allow reevaluation of previous experimental studies. Our model allows a range 
of observed leaf shapes to be generated and predicts observed clone patterns in different 
species. Thus, our experimentally validated model may underlie the development and evolution 


of diverse organ shapes. 


he shapes of many plant and animal ap- 
| pendages are thought to develop under 


the influence of orthogonal organizing 
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systems (i.e., systems with axes that intersect at 
right angles) (J—-4). However, it is unclear how 
these orthogonal systems lead to changes in tis- 
sue shape and how shape changes may themselves 
feed back to deform the organizing systems. Con- 
sider a square piece of tissue that deforms during 
growth (Fig. 1A). The tissue has an initial linear 
orthogonal system that organizes the pattern of 
morphogenesis (Fig. 1B, arrows). We might en- 
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visage two extreme possibilities as the tissue de- 
forms. One is that the organizing system retains 
its original arrangement despite the change in tis- 
sue shape (Fig. 1C). Another possibility is that the 
change in shape of the tissue feeds back to deform 
the organizing system during growth (Fig. 1D). 

Here, we exploit live imaging of fluores- 
cently marked Arabidopsis leaves to distinguish 
these possibilities. We concentrated on growth 
of leaf 1, from when the leaf primordium had 
a simple dome shape [3 days after initiation 
(DAI)] to the stage at which the characteristic 
leaf shape was evident (9 DAI) (fig. S1). We 
first determined areal growth rates for differ- 
ent regions of the leaf by tracking cell vertices 
over time. Areal growth rate is lower toward 
the distal tip of the leaf (Fig. 1J), consistent 
with previous tracking studies at later stages 
of growth (5—7). Areal growth rates also tend 
to be higher in lateral compared to medial do- 
mains (Fig. 1J). 


500 1000 1500 
Distance from lamina base (um) 


To understand how the observed patterns 
of growth could be generated, we first consid- 
ered growth rates in the proximodistal direc- 
tion along the midline of the leaf lamina (Fig. 1, 
E to I). At early stages, growth rates parallel to 
the midline show an almost linear decrease from 
proximal to distal regions (Fig. 1, E and F). At 
later stages, the proximodistal gradient in growth 
rates becomes shallower throughout most of 
the leaf but maintains a steep decline near the 
tip (Fig. 1, G to I). To account for these obser- 
vations, we used a one-dimensional (1D) model 
with a factor, PGRAD, that declines from prox- 
imal to distal positions with an initial linear gra- 
dient (fig. S2, A and B) and promotes specified 
growth rate K (Fig. 1P). PGRAD levels are 
maintained locally and deform with the tissue 
during growth. The output of this model is a 
gradient in growth rates that becomes shallower 
proximally because these regions extend more 
rapidly (Fig. 1, E to G, black lines; Fig. 1, H 


and I, gray lines). Thus, the initial linear gradi- 
ent is transformed into a curve that dips more 
steeply toward the distal end. 

Although this model generates curves that 
match the data at early stages (Fig. 1, E to G), 
observed growth rates at later stages are lower 
than those predicted by the model (Fig. 1, H and 
I, gray lines). We therefore introduced a uni- 
formly distributed factor into the model, LATE, 
that increases during later stages and inhibits the 
specified growth rates (Fig. 1P and fig. S2C). 
With this modification, the resulting proximo- 
distal growth rates show a better match to the 
data (Fig. 1, H and I, black lines). 

We next extended the model to 2D, using 
the growing polarized tissue framework (8), in 
which growth rates can be specified by a dis- 
tribution of factors over a tissue. Regions of the 
tissue are mechanically connected, forming a 
canvas, allowing the deformation resulting from 
specified local growth patterns to be computed. 


Fig. 1. Leaf growth analysis. (A) Tissue deforms through growth. (B) Or- 
thogonal organizing system which (C) retains its original arrangement or 
(D) deforms during growth. (E to I) Midline proximodistal growth rates 
for three replicates (orange, green, and blue), and 1D models (black and 
gray lines). Distances from lamina base correspond to those on the day 
indicated by an asterisk. (J) Areal growth rates (heat map) and (K) prin- 
cipal directions of growth (black lines, where anisotropy > 10%) at the 
end of each period. (L) Resultant shape, POL levels and specified growth 
orientations (arrows) for nondeforming and (M) deforming (organizer- 


based) models. (N) Resultant shapes, areal growth rates, and directions of 
growth (black lines, where anisotropy > 5%) for 2D nondeforming and (O) 
deforming (organizer-based) models. Heat map and staging as in (J). (P) 1D 
model regulatory network. (Q) 2D distribution of PGRAD (gray). (R) MID 
(blue) and LAM (magenta) distributions. (S) 2D model regulatory network. 
(T) Initial POL (cyan) distribution for nondeforming and (U) deforming 
models. PROXORG in green. (V to X) Enlargement of brown ellipses in (N) 
(K), and (O), respectively. (Y, Z, and ZZ) Enlargement of green ellipses in 
(N), (K), and (O), respectively. Scale bars, 100 um. 
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Fig. 2. Clonal analysis. (A, C, 
and E) Clones induced at 3 
DAI (A and C) or 6 DAI (E) and 
imaged at 6 DAI (A) or 9 DAI 
(C and E). Clones from several 
leaves are superimposed. (B, D, 
and F) Clonal patterns gener- 
ated by the organizer-based 
model at stages corresponding 
to those shown on their left. 
Scale bars, 100 um. 


Each model has three components: (i) an initial 
canvas shape with distributed factors; (11) a sys- 
tem for specifying polarity; and (iii) a growth 
regulatory network. The starting shape for the 
canvas is based on a simplified leaf primordium 
shape (Fig. 1Q and fig. $3). To account for the 
observed pattern of growth rates (Fig. 1J), the 
initial canvas has spatial domains defined by 
three factors: (1) PGRAD is expressed as a linear 
gradient along the proximodistal axis (as for the 
1D model); (ii) LAM is expressed everywhere 
but at a lower level in a narrow region at the 
base (which will form the petiole); and (iii) MID 
is expressed along the midline (Fig. 1, Q and R). 
For all these factors, levels are maintained lo- 
cally and deform with the canvas during growth. 

Growth orientations depend on a proximo- 
distal gradient of a factor, POLARISER (POL), 
distributed throughout the canvas (Fig. 1T, ar- 
rows). The gradient of POL provides the axiality 
information needed to specify local growth ori- 
entations. We first assumed that growth orienta- 
tions are specified according to a nondeforming 
system (Fig. 1C) with axes parallel (proximo- 
distal axis) or perpendicular (mediolateral axis) 
to the midline (9, /0). This corresponds to keeping 
the POL gradient parallel to the midline through- 
out growth (Fig. 1L). There is thus no feedback 
between tissue deformation and specification of 
growth orientations. The growth regulatory net- 
work controls two specified growth rates: paral- 
lel (K,,,) and perpendicular (K,,,) to the POL 
gradient (fig. 1S). K,a, is controlled by PGRAD 
and LATE as for the 1D model (Fig. 1P). To 
account for the higher areal growth rates in the 
lateral domains, K,., is promoted by LAM and 
inhibited by MID. The extent to which LAM 
promotes K,., is further enhanced by LATE; 
otherwise, growth rates in the lamina drop be- 
low observed levels. 

Running this nondeforming model leads to 
canvas shape changes and patterns of areal growth 
that are broadly similar to those observed ex- 
perimentally (Fig. 1N). The principal orienta- 
tions of resultant growth (Fig. 1N, black lines) 
switch from being mainly parallel to the midline 
at early stages to being mainly perpendicular 
to the midline in the lamina. The switch occurs 
because LATE enhances the effect of LAM on 
Kyer (Fig. 1S). 

The principal orientatins of growth pre- 
dicted by the nondeforming model of leaf devel- 
opment were compared with observed orientations, 


Fig. 3. Distal leaf exci- 
sion. (A) Excision of the 
distal half of leaf 1 lam- 
ina at 6 DAI. Distal re- 
gion was removed after 
laser cut (pale line). (B) 
Leaf 1, 6 days after distal 
excision, viewed from the 
top and (C) from lower 
(abaxial) side, showing a 
curved indentation at 
the tip (arrow). (D) Leaf 
1 cut at 6 DAI (left) and 
tracked until 9 DAI (right). 
Areal growth rates (heat 
map) calculated over the 
last 24 hours of tracking. 
Boundary of cut high- 
lighted with magenta line. 
(E) Leaf after tracking 
growth for 5 days after 
distal excision. (F) Tracked 
uncut leaf with a blue line 
shown at a similar posi- 


tion to the cut in (D). (G) Principal directions of growth 
(black lines, where anisotropy >10%) for leaf shown in 
(D). (H) Excision of the distal half of the canvas and (I) 
output after growth according to the organizer-based 
model, showing areal growth rates and resultant di- 
rections of growth (black lines, where anisotropy >5%). 


Scale bar, 100 um. 


obtained from the measured displacement of cell 
vertices (//). The observed principal directions 
of growth are mainly oriented proximodistally 
at early stages and switch in the lamina toward 
a more mediolateral orientation during later 
stages of growth (Fig. 1K), consistent with the 
nondeforming model (Fig. 1N). However, ob- 
served orientations converge toward the leaf 
tip at early stages much more than those of the 
model (brown ellipses, Fig. 1, K, N, V, and W, 
and fig. S4, A and B). Also, in the proximal 
lamina regions near the midvein, principal 
orientations of growth are oblique and diverge 
from the midline at later stages (green ellipses, 
Fig. 1, K and Z and fig. S4, C and D), in con- 
trast to the largely parallel or perpendicular ori- 
entations predicted by the model (green ellipse, 
Fig. 1, N and Y). 

We next considered an organizer-based mod- 
el in which POL distribution arises by prop- 


1 
0 65 


agation through the canvas and then deforms 
during growth. POL production is promoted at 
the base of the canvas through an identity factor 
PROXORG (proximal organizer) and is degraded 
everywhere at a constant rate (Fig. 1U). Propaga- 
tion of POL through the canvas generates a proxi- 
modistal field of polarities that is initially parallel 
to the midline in the basal half of the canvas and 
converges toward the tip (Fig. 1U and fig. SSA) 
but then deforms (Fig. 1M and fig. SSB). The 
initial canvas, distribution of factors, and growth 
regulatory network are the same as in the non- 
deforming model (Fig. 1, Q to S). The resulting 
shape changes and growth patterns are also sim- 
ilar (Fig. 10 and fig. SSC). However, resultant 
growth orientations give a better match to the 
experimental data (table S1): Orientations con- 
verge toward the leaf tip (brown ellipse, Fig. 1, 
O and X) and have oblique orientations of 
growth that diverge from the midline at later 
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Fig. 4. Generation of diverse 
leaf shapes. (A to I) Morpho- 
space generated from the 
organizer-based model, vary- 
ing two growth parameters; 
the strength of promotion 
by LAM, Ptam, and the level 
of PGRAD at the distal end 
Dograa- Arabidopsis leaf 1 cor- 
responds to (E). Clones in- 
duced as circles on day 3. (J) 
Clones on mature leaf (meta- 
mer 4) of Antirrhinum, induced 
when the leaf primordium is 
about 50 to 100 um wide. 
Clones on the petiole were 
not recorded. Scale bar for 
Antirrhinum leaf, 1 cm. 


stages due to deformation of the canvas (green 
ellipse, Fig. 1, O and ZZ). 

An organizer-based model is also consistent 
with patterns of polarity observed in young leaf 
primordia. PIN] (PIN-FORMED1) auxin trans- 
porters at this stage are oriented in a proximodistal 
pattern, with cell polarity pointing distally and 
converging toward the tip in the epidermis or 
pointing proximally in internal tissues (/2). Both 
polarity patterns are consistent with an organizer- 
based model, because specifying growth orien- 
tation depends only on the axiality component 
of the polarity field, not the sense in which the 
polarity points (8). The mechanism determining 
PIN polarity is still unclear (/3). One possibility 
is that auxin plays a primary role in establishing 
this patter and would therefore be influenced 
by organizers of polarity. Alternatively, the PIN 
polarity pattern may be a read-out of a separate 
underlying polarity system. 

The organizer-based model should account 
for growth patterns across the entire leaf as 
well as in regions accessible to tracking. This 
additional requirement was evaluated through 
clonal analysis. Clones were induced at 3 DAI 
(Fig. 2, A and C) or 6 DAI (Fig. 2E) using a heat 
shock—inducible Cre-Lox system (/4). For re- 
gions accessible to tracking, the resulting clones 
were in good agreement with the fate of in- 
dividually tracked cells (fig. S6). Clonal pat- 
terns were also compared with those generated 
by the organizer-based model. This was achieved 
by superimposing outlines of leaf cells on the 
canvas (fig. S3) and then growing the canvas 
to its final shape (Fig. 2, B, D, and F). The 
shapes and orientations of predicted and ob- 
served clones showed a good qualitative match: 
Clones diverge near the lamina base and con- 
verge toward the tip. 

A key assumption of the above models is 
that the spatial pattern of growth rates is es- 
tablished at an early stage of leaf development. 
This assumption does not rule out modulations 


Dograd 


in growth pattern at later stages but seems in- 
consistent with the claim that leaves regenerate 
after excision of the distal half at a time after 
patterning has been established according to our 
models (/5). To investigate this discrepancy, we 
repeated the excision experiment by removing 
the distal half of the leaf at a similar develop- 
mental stage to that previously reported to give 
regeneration (6 DAI) (Fig. 3A and fig. S7A) (/5). 
As with the previously published experiments, 
the cut edge was clearly evident after 2 days 
of growth but seemed to have disappeared after 
a further 4 days of growth when the leaf was 
viewed from above (Fig. 3B). However, ex- 
amination of the underside of the leaf revealed 
a semicircular edge at the tip similar in length to 
the original cut, suggesting that regeneration 
from the cut edge may not have occurred (Fig. 
3C). Tracking leaf development after distal ex- 
cision revealed a similar spatial pattern of growth 
rates to a control uncut leaf, except for regions 
near the cut, where growth rates were reduced 
(Fig. 3, D and F). There was no evidence of tip 
regeneration (Fig. 3, D and E). The superficial 
resemblance to regeneration (Fig. 3B) is a con- 
sequence of the high contribution that proximal 
regions of the leaf primordium make to the 
mature leaf, and the reduced growth rate of the 
cut edge. 

To determine whether the organizer-based 
model could account for the observed effects 
of distal excision, we grew the canvas until day 
6 and then removed the distal half (Fig. 3H and 
fig. S2, D and E). Growth is assumed to be un- 
affected except at the cut margin, where growth 
is inhibited. The final shape and growth patterns 
generated by the model are broadly similar to 
that observed experimentally after distal excision 
(Fig. 3, G and I). Thus, distal excision validates 
the model rather than refuting it. 

To determine whether the organizer-based 
model could account for leaf shapes other than 
leaf 1 in Arabidopsis, we varied each of the 
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model’s growth parameters (fig. S8). The effect 
of varying Dyoraa (the level of PGRAD at the dis- 
tal end) and Pjam (the strength of K,., promotion 
by LAM) in various combinations is shown in 
Fig. 4. The resulting morphospace includes many 
botanically described leaf shapes, such as ob- 
cordate (Fig. 4, A and D), ovate (Fig. 4F), and 
elliptic (Fig. 4, H and I) (/6). Thus, the model 
may underlie a wide range of leaf forms. 

As a further test of the model’s generality, we 
compared the pattern of clones predicted to those 
observed in Antirrhinum, a species with an el- 
liptic leaf shape amenable to clonal analysis (9). 
Clones were induced at an early stage of leaf de- 
velopment in Antirrhinum, using a temperature- 
sensitive transposon, and visualized in the mature 
leaf. The pattern of clones observed is in broad 
agreement with those generated by the model 
with low Pjam: Large narrow clones diverge out- 
ward from the lamina base, and small clones 
converge toward the tip (Fig. 4, H and J). 

These results show that a relatively simple 
model can broadly account for the growth dy- 
namics and shape changes observed during nor- 
mal and perturbed growth of Arabidopsis and 
may also underlie a variety of other leaf shapes. 
The model assumes that growth orientations are 
specified through a tissue polarity system that 
deforms during growth and that a basic pattern 
of growth rates across the leaf is established 
from an early stage. This raises the question of 
how these features are specified at the cellular 
scale and what genes may underlie them. Can- 
didate genes for LAM are LEAFY PETIOLE 
(17) and members of the YABBY family (/8), 
which are expressed in the lamina and promote 
its lateral growth. Candidate organizers of tissue 
polarity are the CUP-SHAPED COTYLEDON 
(CUC) genes, which are expressed at the base of 
the leaf (79) and play a key role in leaf develop- 
ment (20, 21). Thus, our model provides a sim- 
ple unifying framework for the control of organ 
shape that can be further tested experimentally, 
elaborated through the incorporation of genes 
and cellular properties, and extended to cover 
more complex leaf shapes. 
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Elastic Domains Regulate Growth 
and Organogenesis in the Plant 
Shoot Apical Meristem 
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Alain Weber,* Emmanuelle Bayer,” Martine Schorderet,? Didier Reinhardt,” 
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Although genetic control of morphogenesis is well established, elaboration of complex shapes 
requires changes in the mechanical properties of cells. In plants, the first visible sign of leaf 
formation is a bulge on the flank of the shoot apical meristem. Bulging results from local 
relaxation of cell walls, which causes them to yield to internal hydrostatic pressure. By 
manipulation of tissue tension in combination with quantitative live imaging and finite-element 
modeling, we found that the slow-growing area at the shoot tip is substantially strain-stiffened 
compared with surrounding fast-growing tissue. We propose that strain stiffening limits growth, 
restricts organ bulging, and contributes to the meristem's functional zonation. Thus, mechanical 
signals are not just passive readouts of gene action but feed back on morphogenesis. 


he plant shoot apical meristem is com- 

| posed of two regions, the slow-growing 
central region, which contains the stem 

cell niche, and the surrounding periphery, where 
cells divide rapidly and new organs are initiated 
(/-4). New organ primordia initiate at accumu- 
lation points of the plant hormone auxin (5—7). 
In addition to triggering gene regulatory path- 
ways, auxin induces cell wall acidification (8), 
which increases expansin activity (9) that mod- 
ifies cross-links in the cell wall matrix. Disruption 
of auxin signaling suppresses organ initiation, 
which can be restored by the local application of 
auxin (7, /0, //). Bulging in the meristem flank 
can also be triggered by local cell wall loosening 
with expansin (/2, /3) or pectin methyl-esterase 
(PME) (/4, 15). These bulges can develop into 
normal organs, which suggests that a mechanical 
signal is involved in primordium differentiation. 
Additional support for mechanical signals in this 
pathway comes from the recent hypothesis that 
stress in the cell wall is the signal that orients the 
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microtubule network and the PIN-FORMED 
1 (PIN1) auxin transporter (/6, 17). Yet despite 
the accumulating evidence for an instructive role 
for mechanical signals in organogenesis, the me- 
chanical properties of the shoot apex have only 
recently begun to be explored (/5, 78). Here, we 
examine both the elastic and plastic properties of 
the shoot apex and link them to growth dynamics. 

Tomato vegetative shoot apices were imaged 
at 11-hour intervals by confocal microscopy in 
order to monitor their growth. Images were ana- 
lyzed with MorphoGraphX (/9) (Fig. 1) to com- 
pute relative changes in cell surface area (Fig. 2). 


Cell surface expansion was 25% on average in the 
central region and between 45 and 80% on ay- 
erage in the periphery, depending on the stage of 
development of the adjacent primordium. The 
boundary region between the primordium and the 
meristem displayed little growth. Our data closely 
resembled growth pattems in other species (/—4). 

In order to examine meristem material prop- 
erties, we induced tissue deformation by mani- 
pulating turgor pressure with osmotic treatments 
using mannitol and NaCl. Experiments started by 
adapting the samples in solutions of 0.2 M os- 
motically active molecules. Subsequent immer- 
sion in hypo-osmotic medium (0 M) resulted in a 
relative increase in total surface area of 6 + 2% 
(n = 20). The treatment revealed regional dif- 
ferences, with cells in the central and boundary 
regions expanding less than those in the periph- 
ery (Fig. 3B, fig. S1A, and fig. S2B). Deflation in 
hyperosmotic solution (0.4 M) resulted in av- 
erage shrinkage of 6 + 2% (n = 17). The relative 
area decrease was high for cells at the apex 
summit and variable on the flank (Fig. 3C, fig. 
S1B, and fig. S2C). The effects were independent 
of the type of osmolyte used. In order to distin- 
guish between elastic and plastic deformations 
resulting from hypo-osmotic treatments, we per- 
formed sequential treatment with 0 M medium 
followed by a return to 0.2 M. Whereas the hypo- 
osmotic treatment resulted in a 7 + 1% (n = 5) 
total area increase, after returning to 0.2 M solu- 
tion, the apices were irreversibly expanded by 2 + 
1%. Therefore, the total expansion after an in- 
crease in turgor pressure is primarily an elastic 


response. 


Fig. 1. Quantitative analysis of tissue deformation with MorphoGraphX (www.MorphoGraphX.org). 
(A) Cell wall signal from the epidermal layer was projected onto a curved surface mesh of the apex. 
(B) The surface is then segmented into cells and used to track local tissue deformation. P, youngest 


primordium; M, meristem, Scale bars, 40 um. 
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Sequential hypo- to hyperosmotic treatments 
were then used to track inflation and deflation 
patterns on the surface of the same apices (Fig. 
3, B and C, and fig. S2, B and C). At the apex 
summit, the same cells that expanded by only 
4 + 3% when treated with pure water shrank 
by 9 + 3% upon plasmolysis (268 cells, three 
apices). In the periphery, relative areal cell ex- 
pansion was significantly higher (9 + 5%) than 


the shrinkage (4 + 4%) (535 cells, three apices). 
Comparison between deflation and inflation for 
individual cells shows that cells from the central 
region and immediate surroundings consistently 
shrink more than they expand (Fig. 3, D and E; 
fig. S2, D and E; and fig. $3). 

To test whether the observed mechanical prop- 
erties of the cell wall correlate with functional 
zones of the shoot apex, we compared growth 


with osmotically induced expansion and shrink- 
age in apices at similar stages of development 
(Fig. 3 and fig. S2). The regions of slow and fast 
growth coincided with areas defined by elastic 
properties (Fig. 3, A to D and fig. $2, A to D). 
The results show that surface growth rates, which 
vary in the functional zones of the meristem, cor- 
respond to very different elastic behavior. 

The pressure inside cells increases linearly 


Fig. 2. Patterns of growth 
in tomato shoot apex. 
Three apices at consec- 
utive stages of primor- 
dium development. (A) 
Gaussian curvature (red, 
positive; blue, negative). 
(B) Propidium iodide (Pl) 
signal (red) combined with 
pDR5::VENUS expression 
(green) in the epidermis. 
(C) Heat maps of relative 
surface area increase over 
11 hours of growth (color 
bar: percentage increase). 
Arrows indicate the site 
of next primordium initi- 
ation. Scale bars, 40 um. 


with the osmotic potential; thus, a uniform in- 
crease or decrease in extracellular osmotic po- 
tential will raise or lower the pressure in all cells 
equally, barring osmoregulation. Changing the 
osmolarity by 0.2 M is equivalent to modifying 
the pressure by ~5 bars (0.5 MPa). If the elastic 
behavior was linear, we would expect the cells 
to expand and shrink roughly by the same amount. 
In the slow-growing areas, cells shrank more than 
they expanded (by a factor of about 2), which 
showed a strongly nonlinear elastic behavior (see 
supplementary material 4.3). This type of mech- 
anical behavior, known as strain stiffening, is 
ubiquitous in biomaterials (20-22). 

We explored several hypotheses to explain 
why fast-growing areas in the peripheral region 
expand more. At the organ level, mechanical 
stress is commonly thought to be borne mainly 
by the tunica, the outermost layer or layers of 
cells (23-27). This abstraction is supported by 
transmission electron microscopy (TEM) sections 
that show the outer cell wall is about seven times 
as thick as the inner walls (fig. S6). Under this 
assumption, a uniform material property would 
predict more stress in the flank because of lower 


Fig. 3. Comparison between domains of growth and inflation-deflation 
upon osmotic treatment. (A) Heat maps of relative surface area increase over 
11 hours of growth. (B to D) Sequential hypo- to hyperosmotic treatment 
with NaCl. (B) Heat-map of surface area expansion after hypo-osmotic 
treatment. (C) Heat-map of surface area decrease after hyperosmotic treat- 
ment. Note that some cells in the fastest-growing area were irrecoverably 
expanded, which resulted in negative shrinkage. (D) Heat map of strain- 
stiffening calculated as percent inflation minus deflation. Cells with lower 
values (blue) are more strain-stiffened. White dots indicate selected cells 
corresponding to the slow-growing region at the apex tip. The apex is at a 
stage similar to that shown in (A). (E) Scattergraph representing the relative 
surface areal expansion versus shrinkage as a percentage for each cell of the 
osmotically treated apex. Cells colored in red are indicated by white dots in 
(D). Dashed line is the boundary where cells shrink as much as they expand. 
(F and H) Gaussian curvature and (G and I) PI signal (red) combined with 
pDR5::VENUS expression (green) in the epidermis of the apex used for the 
growth assay (F and G) or for osmotic treatment (H and 1). Gaussian cur- 
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vature (red, positive; blue, negative) was used to compare stages of devel- 
opment between apices with the pDR5::VENUS signal marking the youngest 
primordia. Color bar (A to D): Relative surface area increase or decrease as a 
percentage. Scale bars, 40 um. 
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curvature in this area (fig. S8). This could cause 
it to expand more relative to the center with in- 
creasing pressure. However, decreasing the pres- 
sure to zero should also make the peripheral 
region shrink more, which we did not observe. 
Thus, geometry alone cannot explain higher 
expansion in fast-growing areas of the flank. 

Next, we asked if differential turgor pressure 
between regions could explain our results. The 
deflation assay shows that if there is a turgor 
difference, then the slow-growing tip region must 
have higher pressure because it deflates more 
(Fig. 3C, fig. S1B, and fig. S2C). However, in 
the sequential hypo- to hyperosmotic treatment, 
the periphery shrinks more (fig. $4), which in- 
dicates that pressure is lower in the central part. 
Therefore, turgor differences between the regions 
also do not explain our results. 

Although complex hypotheses involving mul- 
tiple mechanisms might explain the differential 
behaviors of the fast- and slow-growing regions, 
we suggest that the data can be explained by sim- 
ply assuming different strain-stiffening behaviors 
in the two regions. The following analogy shows 
how our model works. Suppose two common hair 
elastic bands of the same length are tied together. 
If they are stretched from the ends, the load acting 
on both bands is equal (Fig. 4A). One band, which 
we call heavier, is harder to expand than the other 
for small deformations. At first, the lighter band 
will stretch more; however, at some point, the lighter 
elastic is strained beyond its linear range of de- 
formation, and its stiffness increases greatly. If we 
continue to stretch the bands further, the heavier 
band stretches more easily than the thinner one. 
During the shift, there exists a crossover point where 
the stiffness of the two bands is actually equal. 

We propose a similar scenario for the shoot 
apex. The slow-growing apex summit behaves 


A ST 


Fig. 4. Mechanical model of the shoot 
apex. (A) A pair of hair elastic bands, 
one heavier (left) and one lighter (right), used 


to demonstrate differential nonlinear elastic behaviors. (B) The shoot apex 
abstracted as a hemispherical shell. Central material (green) is lighter than the 
flank material (red). (C) Pressure against areal expansion for the two materials. 


Areal expansion (%) 


as the light band does, whereas the fast-growing 
area of the flank behaves like the heavier one. 
Under normal turgor pressure, the apex is close 
to the crossover point, where the central region 
actually becomes harder to expand than the pe- 
riphery. This intuition can be verified by using a 
mechanical simulation of the shoot apex using the 
finite-element method (FEM) (/9). We represent 
the apex as a hemispherical shell of constant thick- 
ness and impose two regions of different elastic 
behavior (Fig. 4B). The material in the center is 
softer than that in the periphery for small defor- 
mation; however, it becomes stiffer for higher 
strains. The material in the periphery remains in its 
linear range of deformation for the strain observed 
(Fig. 4, D and E, and fig. S7). The osmotic exper- 
iments were then simulated by increasing and 
reducing the pressure inside the shell (Fig. 4C). The 
model was able to explain experimental results by 
using a simple assumption—a strain-stiffening ma- 
terial that is “heavier” in the periphery (Fig. 4, D 
and E). As in the experiments, the center shrank 
more than the flank when we reduced the pressure, 
whereas it expanded less than the flank when we 
increased the pressure (Fig. 4, F and G). 

Our results show that there is a link between the 
elastic behavior of the shoot apex and its growth 
and organogenesis. We find that slow-growing 
areas of the apex tip are substantially strain-stiffened 
compared with fast-growing areas in the flank. Al- 
though the peripheral region is dynamic, with growth 
patterns and material properties that change on 
the basis of the developmental stage of primordia, 
the central region is consistently slow growing and 
strain-stiffened. Differential growth between regions 
may be a direct result of their elastic properties— 
that is, cells must be able to deform elastically in 
order to grow. Our data support this hypothesis; 
they suggest that expansion in slow-growing areas, 


1 


Both materials have the same stiffness (slope) at the crossover point, close to 
5 bar (0.5 MPa). (D and E) FEM simulation of the apex compared with osmotic treatments (F and G). Upon inflation (D), the central area expands less than the 
flank as in hypo-osmotic treatment (F). Upon deflation (E), the central area shrinks more as in hyperosmotic treatment (G). Color bars: Area increase or decrease as a 


percentage. Scale bars, 40 um. 


including the central region, is limited by substan- 
tial strain-stiffening. 

Recent work using atomic force microscopy 
microindentation techniques showed that cell walls 
in plasmolysed meristems were stiffer in the central 
part than at the flanks (/8) or primordia (/5). Al- 
though these studies largely measure compressibility 
of cell walls, modifying cell turgor pressure allows 
us to directly assess cell wall stretch under different 
levels of tension. We expect the response to tension 
and compression to be different in a reinforced 
soft material such as the cell wall, where in-plane 
tension is highly relevant for growth. 

We have measured surface deformation, and 
the simplest interpretation of the results is based 
on the assumption that the surface layers of 
cells control growth in the shoot apex (23-27). 
There are, however, other possible interpretations. 
For example, mechanical variations in inner 
tissues may influence the surface deformability. 
Recently, the subepidermal tissue in the areas of 
incipient primordia has been reported to be easier 
to compress than the rest of the meristem (/5). 
Although we did not detect a distinct behavior on 
these regions on the surface in our experiments, 
differential surface deformation seen in osmotic 
assays likely reflects the combined mechanical 
behavior of the several outermost layers of cells. 

Although traditional models relate growth 
to stress (28), it appears that differential growth 
in the shoot apex is not because of differential 
stress, but rather changes in other parameters, 
such as plasticity or the threshold of stress re- 
quired for yielding. This has implications for 
organogenesis and could reinforce the insensitiv- 
ity of the central region to auxin (7, 17, 29) or to 
exogenous application of the wall-modifying 
enzyme PME (/4). Differences in elastic proper- 
ties may in turn be reinforced by the cell wall 
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loosening needed for growth. Increased wall re- 
modeling is expected to change elastic proper- 
ties, which explains why fast-growing areas in the 
peripheral region can stay in their linear range 
of elasticity for larger deformations (20-22); 
while at the same time, they are stiffer than slow- 
growing regions for small strains. Our data 
suggest that the functional distinction between 
slow- and fast-growing regions in the shoot apex 
is not only genetically defined (30, 3) but is en- 
hanced by mechanical feedbacks. Such a mech- 
anism would stabilize and protect the critically 
important stem cell niche from the numerous 
sources of noise inherent in the chemistry of 
biological systems. 
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During Dynamic Adaptations 
of Bacillus subtilis Metabolism 
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Adaptation of cells to environmental changes requires dynamic interactions between metabolic 
and regulatory networks, but studies typically address only one or a few layers of regulation. 

For nutritional shifts between two preferred carbon sources of Bacillus subtilis, we combined 
statistical and model-based data analyses of dynamic transcript, protein, and metabolite 
abundances and promoter activities. Adaptation to malate was rapid and primarily controlled 
posttranscriptionally compared with the slow, mainly transcriptionally controlled adaptation to 
glucose that entailed nearly half of the known transcription regulation network. Interactions 
across multiple levels of regulation were involved in adaptive changes that could also be achieved 
by controlling single genes. Our analysis suggests that global trade-offs and evolutionary 
constraints provide incentives to favor complex control programs. 


major challenge in biology is to under- 

stand the organization and interactions 

of the various functional and regulatory 
networks in cells. The underlying complexity 
arises from the intertwined nonlinear and dy- 
namic interactions among a large number of 
cellular components. To better understand these 
interacting molecular networks, the acquisition 
of appropriate, preferably time-resolved quanti- 
tative data is a prerequisite (/—3). Because the 


acquisition of such data is technically demand- 
ing, few studies have reported transcript, protein, 
and metabolite abundances, and most studies 
have been restricted to steady-state conditions 
(4-8). Consequently, only subsets of components 
have been monitored dynamically for very short- 
(9, 10) or long-term responses (//, /2) to envi- 
ronmental perturbations. These studies typically 
revealed coordinated abundance changes (//, /2), 
major transcriptional reconfigurations in response 


to environmental change (9, //), and an unantic- 
ipated complexity of unicellular organisms (7). 
Data interpretation, however, has generally been 
restricted to multivariate statistical analysis meth- 
ods that indicate general but not mechanistic 
relationships between different molecular entities. 
Focusing on single data types with sophisticated 
computational analysis has been informative (3) 
but increases the risk of missing the functionally 
relevant multilevel control mechanisms (2), lim- 
iting the description of the underlying molecular 
mechanisms and, hence, the depth of biological 
insight. 
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To elucidate the dynamic interplay between 
metabolic and regulatory networks systematically, 
we investigated dynamic shifts in availability of 
the preferred carbon sources, glucose and malate, 
of the bacterium Bacillus subtilis (13). Because 
these nutrients repress the use of other substrates 
but are themselves used together, they represent a 
tractable model for analyzing dynamic decision- 
making by cells when faced with compounds of 
similar nutritional value. We induced dynamic 
shifts by adding glucose or malate to cultures of 
B. subtilis growing exponentially on the other 
substrate. To elucidate the cellular adaptation mech- 
anisms, we determined transcript, protein, and 
absolute metabolite abundances, as well as pro- 
moter activities (Fig. 1 and table S1) (/4), provid- 
ing dynamic data with up to 24 time points for 


Dynamic Measured 
experiments data 


Triplicate 
nutrient shifts 
from 
glucose or 
malate 
to 
glucose plus" 
malate 


Fig. 1. Overview of our experimental design, computational analysis, and 
information flow. The dynamic shift experiments yielded measured data from 
which nonmeasurable quantities were inferred by statistical and model-based 
analysis. Arrows show the flow of information, including the use of inferred 


two shift experiments that cover short-term meta- 
bolic to longer-term protein-level adaptation (/5). 

To enable data integration, we developed 
problem-driven, yet generic solutions in three areas 
(table S1). To generate consistent data, we min- 
imized biological variability (Fig. 1) by withdrawing 
samples from the same bioreactor culture in trip- 
licate experiments (fig. S1) and, in a few cases, 
from standardized small-scale cultivations (fig. S2). 
We used naming and formatting conventions with 
unique identifiers for all considered constituents to 
permut the efficient exchange of data and knowl- 
edge. Furthermore, to maximize reliability and cov- 
erage for subsequent data analysis and modeling, 
we combined overlapping dynamic data acquired 
from different analytical platforms and on differ- 
ent time scales (Fig. 1). Data from the different 


ChIP on chip 
‘Tiling arrays 


optical density. 


transcript-array platforms did not require further 
consolidation (figs. S3 and S4), but we gen- 
erated consensus proteomics data by calculating 
confidence-weighted averages of protein abun- 
dances obtained from two-dimensional gels and 
liquid chromatography—mass spectrometry (SOM 
1). Replicate time series of transcript and protein 
data were then smoothed and interpolated by 
Bayesian multicurve regression analysis (SOM 1). 
Because metabolite data showed changes on var- 
ious time scales, we developed a special algorithm 
that aligns time courses on the basis of Kalman 
smoothing (Fig. 2A and SOM 1) (/6). 

We exploited the profusion of data (table S1) 
to extend the genome annotation of B. subtilis 
by statistical data analysis and integration with 
prior knowledge (table $2). Analysis of mRNA 


Modeling & Inferred 
data analyses data 


data as parameters for subsequent modeling steps. ChIP, chromatin immuno- 
precipitation; LC-MS, liquid chromatography—mass spectrometry; GFP, green 
fluorescent protein; HPLC, high-performance liquid chromatography; OD, 
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abundances identified 4393 transcriptionally active 
genomic regions, 109 of which were not previ- 
ously described, including 21 putative protein- 
coding sequences and 23 antisense RNAs (table 
83). Additionally, 2422 genomic regions were 
differentially transcribed after the nutrient shifts 
(table S1). Clustering of mRNA profiles and func- 
tional classification of differentially transcribed 
genes enabled detailed functional annotation 
of 46 genes (table S4) and probable function 
assignment of 853 previously not annotated genes 
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Fig. 2. (A) Processing of time-series data from 
parallel experiments. The example shown here is 
fructose 1,6-bisphosphate during the malate—to— 
glucose-plus-malate shift. Measurements from 
three independent cultures (black data points) 
yield an averaged and smooth time course (blue 
line). (B and C) Initial dynamic uptake rates of 
malate (green) and glucose (red) after addition to 
wild-type B. subtilis growing on the respective other 
substrate were obtained by fitting of splines. Black 
lines and shadings represent the specific growth rate 
and 95% confidence intervals, respectively (SOM 3). 
(D) The global importance of transcriptional regulation 
after glucose addition is confirmed by an increasing 
correlation (red) between flux sensitivity (measuring 
the impact of a change in environmental conditions 
on a metabolic flux) and protein abundance over time. 
This increase does not occur after malate addition 
(blue). White areas denote statistically significant 
correlation values with respect to an approximate 
95% confidence interval; gray shaded areas denote 
the absence of statistically significant correlation. 


(table S1). For the metabolically important tran- 
scription factors CepA, CepC, CcepN, and CggR 
(17-19), we identified DNA binding sites by chro- 
matin immunoprecipitation—on-chip analysis 
in malate plus glucose (table S1). We found 
184 CcpA binding sites, most of which were lo- 
cated near to promoters of genes differentially 
expressed immediately after glucose addition (fig. 
S5). By filtering this group for high-scoring, pre- 
viously undetected CcpA sites, we generated an 
improved regulatory network topology (SOM 2) 
for subsequent analysis of regulatory events. 
Metabolomics data revealed instantaneous 
malate uptake into cells grown on glucose but 
substantially delayed uptake of glucose into cells 
grown on malate (Fig. 2, B and C). Sensitivity 
analysis of steady-state fluxes in the stoichiometric 
network model in combination with proteomic 
data predicted transcriptional regulation to be 
more important for the dynamics induced by 
glucose than by malate (Fig. 2D). Network com- 
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ponent analysis (20) quantified the strengths of 
all 2900 transcription factor interactions with target 
genes, and 1488 of the interactions were impli- 
cated in at least one shift (689 for malate addition; 
1244 for glucose addition) (SOM 2). Furthermore, 
we identified 110 posttranscriptional regulation 
events in protein synthesis (77 and 23 were spe- 
cific to malate and glucose addition, respectively) 
through a dynamic model that correlates time pro- 
files of promoter activity, mRNA abundance, and 
protein abundance for 300 genes for which all 
three data types were available (tables S5 to S7). 
Overall, our integrated analysis suggests that ap- 
parently similar adaptation processes are mediated 
by fundamentally different control mechanisms, 
namely a predominantly posttranscriptional regula- 
tion after malate addition and a greater reliance on 
transcriptional regulation after glucose addition. 

Next, we inferred the dynamic activity profiles 
of 154 transcription factors by network-component 
analysis (20) from the transcript abundances of 


Transcription Target gene 


factor activity MRNA level 
ot 

eno ee 

oe oe i al 
wh ——- 

mo 

pl —— 

on” = 

uy on —<—<—$—_ eS 
—— om SK 

speD ht 


4 
# 
eg 
\ 
\ 
/\ 
gE 


Downloaded from www.sciencemag.org on March 1, 2012 


8 
of Se 
ee oO. O71 2 
0. 
mS 
» t 2 


Fig. 3. (A) Activities of the main transcriptional regulators controlling central metabolism during the shifts 
of glucose (GM) or malate (MG) to glucose plus malate. Blue curves represent log, expression profiles of 
target genes; purple curves denote the inferred transcription factor activities. Straight lines in the middle 
sections indicate the relative contribution (proportional to color intensity) of different transcription factors 
to target gene expression changes (blue, activation; red, repression). (B and C) Averaged time profiles of 
transcripts (light blue), proteins (dark blue), metabolic fluxes (green), and metabolites (red) during the 
dynamic shift experiments of glucose (B) or malate (C) to malate plus glucose. 


www.sciencemag.org SCIENCE VOL 335 2 MARCH 2012 


1101 


REPORTS 


1102 


their 1754 known target genes (Fig. 3A and SOM 
2). One hundred twenty-seven transcription fac- 
tors changed their activity profile significantly in 
at least one shift (61 for malate addition and 91 
for glucose addition). A rapid change of activity 


the deviations between the inferred transcription 
factor activities and the measured transcription 
factor mRNA abundance provided evidence for 
posttranslational regulation (SOM 2). Network 
component analysis predicted that the activity of 


(<5 min), most prominent for the transporter 
regulators MalR (malate) and GlcT (glucose), and 


51 transcription factors was modulated post- 
transcriptionally, and 39 of these (for example, 


A 


malate > 
glucose plus malate 


glucose > 
glucose plus malate 


» 2 


Zwt 
R 40.5 
R=0.25 Ong 
R<0.10 YwiF 
Tkt 


Gre dhC PdhD 


a =m 


SdbA S@ESAhe S@D 


B Cc 


uw 


Gle regulated 

Mal constitutive 
Gie regulated 
Mal regulated 


LS 


w 


N 


. = 
Gic constitutive 
Mal constitutive | 
Gle constitutive 
Mal regulated 


1.00 10.00 100.00 
P/Po 


Malate probability 


Oo 


Glucose uptake rate (mmol/g,,.., h) 


0.10 


Time after glucose addition (min) 


Fig. 4. (A) Regulatory mechanisms relevant for control of metabolic fluxes during the two shifts. Key 
controlling enzymes are indicated by a positive correlation between reaction rate and enzyme abundance 
after addition of malate (left) or glucose (right). Reactions were considered only if both enzyme abundance 
and flux changed by more than one standard deviation and if the correlation coefficient was positive. The 
size of the purple circles is proportional to the correlation coefficient (see inset). Transcription factors 
(middle) were identified by network component analysis to be responsible for changes in enzyme expression, 
as indicated by color coding (gray denotes unknown factors). (B) Dynamics of glucose uptake rate upon 
addition of glucose to a culture growing exponentially on malate in mutants with constitutive ptsG expres- 
sion (green), cggR deletion (blue), and the respective parent strains (solid red, vertical shading and dashed 
red, horizontal shading). Shaded areas denote 95% pointwise confidence intervals. gpcw, grams of dry cell 
weight. (C) Predicted growth effects of different control strategies using a simplified dynamic model. In silico 
competition experiments were carried out between two strains that differ in how they control malate and 
glucose uptake; both systems can be expressed constitutively or only upon substrate availability (SOM 6). 
Cocultures in a chemostat setting were pulsed every 3 hours with substrate (similar results were obtained with 
pulse frequencies of 1 and 9 hours), where the probability of selecting malate versus glucose as substrate was 
varied. The cost of metabolic system maintenance (p) normalized by the estimated cost for B. subtilis (po; the 
solid line indicates the estimated value of p; the dashed line to the right is the upper bound of the 95% 
confidence interval) constituted a free simulation parameter. Control strategies with higher growth rates were 
considered advantageous, and the best control strategies are identified by color coding. 


NadR, KipR, CcpN, FruR) are regulated by yet 
unknown effectors. Overall, both nutrient shifts 
induced substantial, global network reconfigu- 
ration at all levels of regulation. 

To identify the relevant primary changes in 
central metabolism, where essentially all genes 
were differentially expressed during one or both 
shifts, we correlated time courses of metabolic 
fluxes with those of the abundances of the corre- 
sponding enzymes. We estimated dynamic ex- 
tracellular rates by interpolation (SOM 3) and 
network-wide pseudodynamic metabolic fluxes 
with a stoichiometric network model and the 
intracellular metabolite concentrations (Fig. 3, B 
and C, and SOM 4). Positive correlations between 
fluxes and enzyme abundances indicated genetic 
rather than metabolic regulation of the reaction 
rates (21). Upon the addition of malate, the abun- 
dances of only the nicotinamide adenine dinucle- 
otide phosphate—dependent malic enzyme (YtsJ) 
and two acetate production enzymes (Pta and 
AckA) correlated with their respective reaction 
rates (R > 0.8) and thus putatively control flux 
(Fig. 4A). After the addition of glucose, enzymes 
for 11 central reactions putatively controlled flux, 
and in six cases increasing enzyme abundance 
potentially overcame the bottleneck in glucose up- 
take. The corresponding genes are organized in 
two operons: ptsGHI for glucose transport and 
phosphorylation and cggR-gapA-pgk-tpiA-pgm- 
eno for lower glycolysis. This focused analysis of 
multiple “omics” data sets suggested the prs and 
cggR operons as primary control targets for adap- 
tation, where the half-maximal responses of the 
pts and cggR operon-encoded proteins within 30 
to 60 min of glucose addition could account for 
the ~60-min delay in glucose uptake (Fig. 2, B 
and C). We evaluated the relative contributions 
of both operons to the delay with a cggR dele- 
tion mutant and a mutant with constitutive ptsG 
expression (Fig. 4B and SOM 5). When grown 
on malate, both mutants used glucose immedi- 
ately without the delay of the wild-type strain. 
As the cggR or ptsG expression alone is suffi- 
cient to facilitate immediate glucose uptake, it is 
not obvious why B. subtilis does not express these 
genes constitutively. 

B. subtilis needs to optimize its use of two 
qualitatively distinct substrates: Glucose results 
in high growth yields at low metabolic rates, 
whereas malate results in low growth yields at 
high metabolic rates (/3). Similar trade-offs exist 
between respiratory and fermentative strategies 
in adenosine triphosphate generation, both of 
which can confer condition-specific evolution- 
ary advantages (22). To investigate optimal con- 
trol strategies for substrate usage in Bacillus, we 
developed a simplified dynamic model that de- 
scribes the substrate and biomass dynamics of 
the shift experiments quantitatively (SOM 6). 
The maintenance cost for enzyme expression (p) 
is a key parameter in the model; the estimated 
value of po ~ 0.06 implies that full expression 
of a metabolic (substrate) system would reduce 
the maximal specific growth rate by ~5%. In silico 
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competition of strains that either constitutively ex- 
press the metabolic systems or induce their ex- 
pression only upon substrate availability allowed 
us to quantify the dynamic control effects. In sim- 
ulations of a dynamically changing environment, 
we varied the substrate probabilities and the main- 
tenance cost p because of the uncertainties in the 
estimated po (Fig. 4C). Surprisingly, there almost 
always existed a unique, evolutionarily dominating 
control strategy. The winning strategy depended 
on quantitative parameters. Hence, active regula- 
tion or constitutive subsystem expression are not 
advantageous per se. Even with the uncertainties in 
Po, the experimentally observed strategy of consti- 
tutive malate usage capacity (Fig. 2B) but in- 
duced (and delayed) glucose-specific metabolism 
confers an evolutionary advantage if B. subtilis 
predominantly encounters malate (Fig. 4C). This 
is biologically plausible given the organism’s hab- 
itat in the vicinity of plant root systems that often 
secrete carboxylic acids such as malate (/3, 23). 
Our systems approach helps reveal how pre- 
viously known regulatory mechanisms are com- 
bined to effect nutritional transitions. Despite 
more than half of the B. subtilis gene comple- 
ment being involved in the adaptive response 
to glucose, our methodology could discern the 
key regulatory events. The overall control strat- 
egy of B. subtilis can be rationalized in terms of 


its evolutionary advantages; however, these ad- 
vantages, and therefore the overall control design, 
depend on quantitative system characteristics— 
regulation is not beneficial per se. The dynamic 
data presented here may be used for further com- 
putational analyses such as multivariate statistics 
and large-scale structural or kinetic network mod- 
els (24). We hope that our publicly available 
tools for mathematical analyses and modeling will 
facilitate future large-scale and dynamic systems 
biology studies in B. subtilis and other species. 
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Condition-Dependent Transcriptome 
Reveals High-Level Regulatory 
Architecture in Bacillus subtilis 
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Bacteria adapt to environmental stimuli by adjusting their transcriptomes in a complex manner, 

the full potential of which has yet to be established for any individual bacterial species. Here, we report 
the transcriptomes of Bacillus subtilis exposed to a wide range of environmental and nutritional 
conditions that the organism might encounter in nature. We comprehensively mapped transcription 
units (TUs) and grouped 2935 promoters into regulons controlled by various RNA polymerase sigma 
factors, accounting for ~66% of the observed variance in transcriptional activity. This global 
classification of promoters and detailed description of TUs revealed that a large proportion of the 
detected antisense RNAs arose from potentially spurious transcription initiation by alternative sigma 
factors and from imperfect control of transcription termination. 


acterial transcriptomes are surprisingly 
B complex (/—5) and include diverse and 
abundant small RNAs and antisense RNAs 
(asRNAs). Because only a small number of en- 


vironmental conditions have been investigated, 
the full extent of transcriptome complexity remains 
to be established for a single bacterial species. 
This prompted us to undertake a systematic and 


quantitative exploration of transcriptome changes 
in Bacillus subtilis, whose natural habitat, the 
soil, is subject to severe environmental fluctua- 
tions (6). B. subtilis is also a laboratory model for 
Gram-positive bacteria and is grown in industrial- 
scale fermentors for the production of enzymes 
and vitamins. We selected 104 conditions covering 
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the use of various nutrients, aerobic and anaerobic 
growth, the development of motility, biofilm for- 
mation, adaptation to diverse stresses, high—cell- 
density fermentation, and hallmark adaptations of 
B. subtilis: the development of competence for ge- 
netic transformation, cell differentiation to form re- 
sistant spores, and germination from such spores. 
In our labs, we grew a prototrophic strain un- 
der the selected conditions and hybridized 269 
RNA samples to tiled microarrays with a reso- 
lution of 22 bases [supporting online material 
(SOM) 1 and table S1] (7). We then estimated 
strand-specific RNA signals from the raw data 
(Fig. 1A) (8) and computed an aggregated ex- 
pression index for all transcribed regions (SOM 
2 and table S2). The expression threshold was 
stringently set to reduce the number of poten- 
tially false short RNA features detected. Of the 
previously annotated coding sequences (CDSs), 
only 186 (4.4%) were not expressed under any 
condition. Most of these CDSs were of un- 
known function and predicted to originate from 
horizontal transfer (SOM 3 and table S3). The 
30% of the CDSs most highly expressed under 
each condition were defined as “highly expressed” 
(SOM 3). Eighty-five percent of all CDSs were 
highly expressed in one or more conditions (fig. 
S3A), but only ~3% (144) of all CDSs were 
highly expressed under all conditions, indicating 


A From tiling array profiles to a new annotation 
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that most B. subtilis genes are differentially ex- 
pressed. Genes in the latter group encode pro- 
teins with essential functions (9) and enzymes 
involved in glycolysis, iron sulfur metabolism, 
and detoxification pathways (table S3). 

For each of the 269 profiles, we used the 
repertoire of high-confidence 5’ and 3’ mRNA 
ends to delineate the transcribed regions, which 
we derived directly from the positions of abrupt 
increases and decreases in RNA abundance, 
hereafter called up- and downshifts, respectively 
(Fig. [A and SOM 2). More than 85% of pre- 
viously known transcriptional start sites (/0, 1/) 
mapped within ~12 base pairs (bp) of an upshift 
(SOM 4), indicating that most mRNAs have 
unprocessed 5’ ends. Therefore, most of the 3242 
detected upshifts appear to correspond to gen- 
uine promoters, increasing ~threefold the num- 
ber of promoters mapped in B. subtilis. Downstream 
of these promoters, 3000 transcription units (TUs) 
were defined and then decomposed into previous- 
ly annotated genes and newly identified RNAs 
(SOM 2 and tables S4 and SS5). This analysis 
revealed that ~46% of all annotated CDSs can 
be transcribed from more than one promoter. 
After manual validation, we classified 1583 pre- 
viously unannotated RNAs (S1 to $1583) ac- 
cording to their structural relationships with 
neighboring annotated CDSs (Table 1). These 
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RNAs considerably expand the registry of po- 
tential regulatory RNAs (SOM 5 and table S6) 
and increase the total number of potential genes 
in B. subtilis by 11% (Table 1). The condition- 
dependent experimental annotation can be queried 
at www.basysbio.eu/bsubtranscriptome/seb. 

The 3’ ends of most mRNAs were associated 
with predicted intrinsic terminators (that is, an 
RNA hairpin followed by a U-track) at which 
RNA polymerase (RNAP) dissociates without 
the need for auxiliary proteins (SOM 6 and table 
S7). A subgroup of 174 TUs generated asRNAs 
due to the lack of a termination site and read- 
through transcription (categories Indep-NT, 3’NT, 
and 3’PT in Table 1). These mRNAs could extend 
up to 3.4 kb beyond the 3’ boundaries of their 
cognate CDS with a gradual decrease in signal 
intensity (Fig. 1B). Overall, 13% of B. subtilis 
CDSs are overlapped by asRNAs (table S11) 
that can potentially act to regulate their cognate 
sense mRNAs at the transcriptional, RNA sta- 
bility, or translational levels (/2). In a mutant 
strain lacking the termination factor Rho, which 
is not required for growth of B. subtilis in a rich 
medium (/3), the mRNA extensions reached up 
to 12 kb (average ~2.8 kb) (Fig. 1C and table S9). 
Without Rho, additional asRNAs were formed 
by extension of a subset of TUs, many of which 
have only partially efficient intrinsic terminators 
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(Fig. 1C and SOM 7), indicating that Rho is a 
general inhibitor of antisense transcription. 
The relations among the expression profiles 
revealed highly correlated changes in expression 
(Fig. 1D and SOM 8) and provided functional 
insights (SOM 9). To elucidate the global tran- 
scriptional regulatory network, we used the mRNA 


signal downstream of each of the 3242 detected 
upshifis to estimate pairwise correlations between 
promoter activities (SOM 10). The results are 
summarized in the form of a tree created by 
hierarchical clustering (Fig. 2A). In this tree built 
independently of DNA sequence information, the 
DNA binding sites for different RNAP sigma 


Table 1. Summary of mRNA features. The 1583 previously unidentified RNA features were categorized 
according to size (columns) and their structural relationships with annotated genes (SOM 2): 5’ and 3’ 
regions; Indep, RNA independent of previously annotated features; Inter, mRNA segment lying between 
two genes with distinct promoters; Intra, portion of a polycistronic mRNA from a single promoter. The 3’ 
RNAs comprised three subgroups: 3’ untranslated regions (3’UTR) and 3’ extended transcripts with either 
no termination (3’NT) or partial termination (3’PT). Similarly, the Indep RNAs displayed either ter- 
mination at a site (Indep) or no termination (Indep-NT) (Fig. 1B). L, length; nt, nucleotides; n, number of 
features. Pred.; predicted. 


50 <L < 150 nt L>150 nt 
Features n asRNA* Pred. CDSst n asRNA* Pred. CDSst Genes} 
5’ 462 5 2 214 85 13 105 
3’UTR 64 5 0 61 26 5 36 
3’NT 2 0 0 44 40 al 40 
3’PT 4 1 0 74 69 0 70 
Indep 17 3 2 62 21 14 79 
Indep-NT 2 0 0 72 64 1 74 
Inter 182 3 0 137 86 3 90 
Intra 132 0 1 54 15: 2 18 
Total 865 17 5 718 406 39 512 


*asRNAs are segments overlapping >100 bp (or 50% for short segments) with the sense RNA. {Putative unannotated 
CDSs (>10 amino acids) predicted by the software SHOW with a confidence score above 90% (25). Previously 
unidentified genes include all Indep, Indep-NT, asRNAs, and predicted CDSs. Four genes encoded both asRNAs and potential 
CDSs. The RNA features are listed in table S5. 
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Fig. 2. Classification of promoters. (A) Hierarchical clustering tree summarizing the correlations (x axis) 
between promoter pairs arranged on the y axis. Detailed information on each promoter and its neighbors 
can be found in table $4. (B) Each promoter is shown as a horizontal bar that is colored according to the 
distinct clusters revealed by the unsupervised identification of bipartite motifs. Color coding of clusters is 
as displayed in Fig. 2C, and promoters with low-confidence cluster assignment are shown in gray. For each 
cluster, the defined consensus motif is labeled with the sigma factor name (letter) and motif number (as in 
table $4). (C) Estimated activity of clusters (y axis, log2 scale) across the conditions that are arranged on 
the x axis according to the “shortest tour” (SOM 8 and fig. $4). (D) Decomposition of the total variance of 
promoter activity (SOM 10 and table $12). Unexplained variance is shown in gray. 
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subunits (//) are clustered (Fig. 2B), highlighting 
the prominent role of sigma factor-mediated pro- 
moter recognition in differential gene expression. 

For de novo genome-wide identification of sig- 
ma factor regulons, we developed an unsupervised 
algorithm combining information from the DNA 
sequences near the upshifts and from the clustering 
of promoters to model the bipartite degenerate mo- 
tifs recognized by the sigma-containing RNAP 
(SOM 10). This approach is an alternative to the 
targeted search for motifs in prespecified clusters 
(/4). A predicted sigma factor binding site could 
be assigned to the majority (2935/3242) of pro- 
moters identified (Fig. 2B and table S12). The 
promoters expected to bind SigA formed six clus- 
ters reflecting substantial motif diversity (/5), and 
SigA bound in vivo to all six motifs (SOM 11). The 
promoters recognized by the other sigma factors 
formed either distinct clusters, each with a distinc- 
tive DNA binding motif (SigB, SigD, SigH, Sig], 
Sigk, and SigL), or clusters that grouped several 
sigma factors that displayed similar DNA binding 
motifs (Fig. 2B and SOM 12). This de novo clas- 
sification is consistent with the cross-recognition 
observed between the sporulation-specific SigE, 
SigF, and SigG factors (/6, 17) and the extracel- 
lular function sigma-factors SigM, SigW, SigX, 
and SigY (18, 19). 

The comprehensive definition of regulons 
allows quantification of the contribution of each 
sigma factor to transcriptome plasticity in B. subtilis. 
The global activity of a single motif cluster was 
estimated as the average transcription signal for 
all the promoters of the cluster (Fig. 2C). Assum- 
ing a simple linear relation between individual 
promoters and cluster activities, we computed 
the fraction of the transcriptome variance ex- 
plained by each cluster motif (SOM 10). Overall, 
~66% of the observed variance was attributed to 
variations in the activity of sigma factors mainly 
associated with sporulation and responses to stress, 
processes that are essential for adaptation and 
survival in nature (Fig. 2D and table S12). The 
proportion of variation attributed to sigma factor 
activities varied considerably. The highest values 
(>0.75) were obtained for SigB, SigD, and the 
sporulation sigma factors. In contrast, the lowest 
value (0.24) was obtained for SigA, suggesting that 
condition-specific regulation of SigA-dependent 
promoters relies mostly on other transcription fac- 
tors (TFs). Our classification captured biologically 
meaningful regulatory information on TF function, 
despite the multilevel organization of the TF reg- 
ulatory network (SOM 13) (20). It also provides 
leads for further functional analyses and bio- 
technological applications (SOM 14). 

asRNAs exhibited diverse condition-dependent 
expression profiles (Fig. 3). Indeed, asRNAs 
are more often initiated from non-SigA promoters 
(48%) than protein-coding RNAs (26%) (SOM 
15 and table S14). asRNAs also tend to be ex- 
pressed in lower amounts than protein-coding 
RNAs (fig. S19), and expression of sense and 
asRNA pairs displays mutual exclusion more 
often than coexpression (47% negative correlation 
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Fig. 3. Patterns of natural antisense transcription across conditions. (A) Variation of the number of 
highly expressed (upper 30%) asRNAs across the conditions (x axis). (B) Heat map representation: 
asRNAs are ordered as in table $11 and are colored according to their expression levels. 


versus 30% positive correlation). The predomi- 
nance of negative correlation results primarily from 
the differential expression of sense and antisense 
transcripts from SigA and non-SigA promoters, 
respectively (SOM 15 and fig. S20). Transcription 
extending beyond the boundaries of CDSs often 
generates asRNAs (Fig. 1B). Importantly, inef- 
ficient termination of a subset of TUs is globally 
counteracted by the action of Rho, consistent with 
its role in matching transcription to translational 
needs (2/—23). Altogether, ~80% of asRNAs re- 
sult from transcription initiated by alternative sigma 
factors or from imperfect transcription termination 
(table S14). We propose that many asRNAs arise 
from spurious transcriptional events, which are 
more prevalent when driven by alternative sigma 
factors. Supporting this hypothesis, the sigma 
factor binding sites appear to be less evolutionarily 
conserved in promoters driving potentially spuri- 
ous asRNAs than in those driving protein-coding 
RNAs (SOM 15 and fig. S23). Nevertheless, some 
asRNAs might have important biological functions 
(12). We detected asRNAs with established or po- 


tential functions (table S6), the latter including the 
asRNAs expressed in amounts sufficient to regulate 
their target genes (SOM 15 and fig. $19). In con- 
clusion, our quantitative analysis of the condition- 
dependent transcriptome defined the contribution of 
the sigma factor complement to B. subtilis tran- 
scriptome plasticity. It revealed that asRNAs gen- 
erated by inefficient control of transcriptional events 
might be a drawback of this plasticity, though they 
might contribute to the creation of previously un- 
known regulatory functions. 
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Biased Signaling Pathways in 
6.-Adrenergic Receptor Characterized 


by '°F-NMR 


Jeffrey J. Liu,** Reto Horst,’* Vsevolod Katritch,* Raymond C. Stevens,’+ Kurt Wiithrich??+ 


Extracellular ligand binding to G protein—coupled receptors (GPCRs) modulates G protein and 
B-arrestin signaling by changing the conformational states of the cytoplasmic region of the 
receptor. Using site-specific *°F-NMR (fluorine-19 nuclear magnetic resonance) labels in the 
Bz-adrenergic receptor (BAR) in complexes with various ligands, we observed that the cytoplasmic 
ends of helices VI and VII adopt two major conformational states. Changes in the NMR signals 
reveal that agonist binding primarily shifts the equilibrium toward the G protein—specific 

active state of helix VI. In contrast, B-arrestin—biased ligands predominantly impact the 
conformational states of helix VII. The selective effects of different ligands on the conformational 
equilibria involving helices VI and VII provide insights into the long-range structural plasticity 


of B2AR in partial and biased agonist signaling. 


ignaling through G protein-coupled recep- 
tors (GPCRs) is a fundamental compo- 
nent of eukaryotic cellular communication. 
As a result, GPCRs make up a large fraction of 


the “druggable proteome,” with more than 30% 
of available pharmaceuticals targeting GPCRs 
(J). In performing their functions, GPCRs such 
as the B»-adrenergic receptor (B2AR) recognize 


a diverse array of ligands and transmit signals 
through the cellular membrane to cytoplasmic G 
proteins. In parallel to G protein signaling, acti- 
vated B.AR can be phosphorylated and binds to 
B-arrestin, initiating desensitization, endocytosis 
of BAR, and B-arrestin—dependent signaling (2). 
A number of B,AR ligands, including the U.S. 
Food and Drug Administration—approved B-blocker 
carvedilol (3) and the agonist isoetharine (4), 
have been shown to impart differing degrees of 
signaling in G protein and arrestin pathways, a 
phenomenon called “functional selectivity” or 
“biased signaling” (5). Understanding the mech- 
anism of biased signaling can provide leads for 
designing more specific and efficient drugs. 
Crystal structures have been determined for 
B2AR with bound inverse agonists, antagonists, 
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Fig. 1. Locations of *°F-NMR labels in B2AR and activation- 
related changes in GPCR crystal structures. (A) Side view of 
B2AR in the active G protein-bound form [Protein Data- 
Bank (PDB) ID 3SN6], shown in green. The transmembrane 
helices | to VII and the C-terminal helix VIII are identified. The 
full agonist BI-167107 in the ligand-binding site is shown as a 
stick diagram. Green and yellow spheres highlight the three 
cysteine residues used for TET labeling, i.e., Cys265°7” and 
Cys327’*" at the cytoplasmic ends of helices VI and VII, 
respectively, and Cys341 at the C terminus. The bound G 
protein heterotrimer is shown as red ribbons and surfaces. 
(B) Cytoplasmic view of the structure in (A), with the G 
protein contact sites outlined by a broken red line. (C) Plot of 
distance root mean square deviations (RMSDs) of individual 
residues between crystal structures of inactive and active 
states of three GPCRs. Crystal structures used are as follows 
(from top to bottom): B2AR (PDB IDs 2RH1 versus 3SN6), 
rhodopsin (PDB IDs 1GZM versus 3DQB), and Az,AR (PDB IDs 
3EML versus 3QAK). The horizontal axes represent the amino 
acid sequences (BAR residues 34 to 341, bovine rhodopsin 
residues 38 to 320, and Az,AR residues 6 to 302). The vertical 
axis shows all-heavy-atom RMSDs per residue, and the color 
code defined in the upper right corner of the panel indicates 
corresponding C* deviations. For each protein, selected 
residues are identified. The locations of the helices | to VIII 
are indicated at the top. Periplasmic loop regions are 
highlighted in red, and cytoplasmic loops and helix VIII are 
highlighted in blue. The cytoplasmic ends of helices VI and VII, 
which contain Cys265°*” and Cys3277>4, are “hot spots” with 
large conformational rearrangements between the crystal 
structures of inactive and active states; other transmembrane 
helices and intracellular helix VIII, which includes Cys341, 
show only small displacements. Single-letter abbreviations for 
the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, 
Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; 
P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 


Fig. 2. One-dimensional ?°F-NMR spectra of different TET- 
labeled BAR constructs under variable solution conditions. 
(A) 1°F-NMR resonance assignments for carazolol-bound 
TETBAR at 298 K. Spectra of the following constructs were 
recorded: wild-type (wt) "BAR; BAR(C265, C327S, 
(341A); ByAR(C265A, ™'C327, C341A); and B,AR(C265A, 
(3275, ™'C341). The vertical lines connect peaks in the ?7F- 
NMR spectrum of ™"8,AR with the corresponding peaks in 
the spectra of the single-residue TET-labeled mutants. At the 
top, the peak assignments are indicated by the one-letter 
amino acid code and the residue number. (B) B2AR(C265A, 
3275, ™'C341) in complex with an inverse agonist (carazolol), 
a biased agonist (isoetharine), and a full agonist (isoproterenol) 
at 280, 298, and 310 K. (C, D, and E) BpAR(""C265, C3275, 
(341A) and BAR(C265A, "C327, C341A) free and bound 
to nine different ligands at 280, 298, and 310 K. In (B) to 
(E), the temperature and the ligands are indicated at the top 
and on the right, respectively. For all experiments, the fol- 
lowing parameter settings were used to collect and process 
the spectra: data size 1024 complex points, acquisition time 
51 ms, and 24576 scans per increment. The data were mul- 
tiplied with an exponential function with a line-broadening 
factor of 30 Hz and zero-filled to 2048 points before Fourier 
transformation. 
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and agonists (6—/0), including active-state B,AR 
complexes with a G protein mimetic nanobody 
(8) and with a heterotrimeric G protein (//). The 
B,AR-G protein structure, which has also been 
analyzed by electron microscopy (EM) (/2), re- 
veals the location of the G protein binding site, 
showing that the G protein interacts with helices 
V and VI, and the intracellular loops ICL2 and 
ICL3, but makes no substantial contacts with 
helices VII and VIII (Fig. 1, A and B). A com- 
parison of inactive and active-state crystal struc- 
tures of B2AR, rhodopsin (/3), and the Az, 
adenosine receptor (/4, 15) suggests a common 
pattern of structural differences between inactive 
and active states in GPCRs (Fig. 1C), where a 
coupled motion of helices V and VI, and changes 
in helices III and VI, are accompanied by dis- 
tinct side-chain rotamer switches on the cyto- 
plasmic side of the protein (/6, 17). Activation 
of B2AR has been investigated previously with 
fluorescence-based biophysical experiments (/S—25) 
and nuclear magnetic resonance (NMR) (26), and 
conformational changes during receptor activa- 
tion were observed in helix VI and the cytoplas- 
mic surface. 

To probe for subtle conformational changes 
involved in receptor-ligand binding (27), '°F-NMR 


120 100 80 12.0 10.0 8.0 
“F Chemical Shift (p.p.m) 


spectroscopy was employed. This highly sensi- 
tive method was used to provide information 
based on the observation of line shapes and chem- 
ical shifts of strategically located '°F labels in the 
cytoplasmic region of the receptor (Fig. 1, A 
and B) (28). Similar approaches have previously 
been successfully applied to studies of a number 
of membrane proteins (29-37). Three native cys- 
teine residues (Cys265°?’, Cys327’™4, and 
Cys341) (32) of B2AR (33) in the cytoplasmic 
region of the receptor are accessible for covalent 
labeling with 2,2,2 trifluoroethanethiol (TET) 
(32), and their NMR signals were unambiguously 
assigned through the use of site-specific muta- 
genesis of these residues and all other native 
cysteine residues that might be affected by TET 
(Fig. 2A) (34). To probe for structural changes, 
we primarily used singly labeled receptors, which 
have reduced complexity of the '!7F-NMR spectra 
when compared with wild-type '""B,AR (Fig. 
2A). Cys265°?’ and Cys327’™ are located at the 
cytoplasmic ends of helices VI and VII, respec- 
tively, both of which are known to undergo large 
conformational changes during receptor activa- 
tion (Fig. 1C). In contrast, Cys341 is located in 
the nontransmembrane helix VIII at the C ter- 
minus, and ByAR(C265A, C3278, '™"C341) was 
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Fig. 3. Relative populations of active (A, red) 
and inactive (1, blue) states of BAR derived 
from the 1D *°F-NMR spectra at 280 K. (A) 
Peak volumes for the individual components 
in the 1D ?°F-NMR signals of B2AR("'C265, 
(3275, C341A) and B,AR(C265A, "C327, 
€341A) obtained by a nonlinear least-squares 
fit to a double-Lorentzian function. The ex- 
perimental data and the double-Lorentzian 
are indicated by thin and thick black lines, 
respectively. The fit used the chemical shift 
positions of peaks A and | indicated by the 
red and blue vertical lines. (B) Plot of the relative 
peak volumes for C265‘ versus the relative 
peak volumes for C327". The relative peak vol- 
umes are the ratios of the volume of peak A and 
the sum of the volumes of peaks A and I. Agonists 
[tulobuterol, clenbuterol, norepinephrine (NE), 


isoproterenol, and formoterol] are shown as black circles highlighted by a yellow background, biased ligands 
(carvedilol, isoetharine) as red triangles highlighted by a green background, a neutral antagonist 
(alprenolol) as a black square, an inverse agonist (carazolol) as a black diamond, and apo as an open square. 


observed to be unresponsive to binding of dif- 
ferent ligands (Fig. 2B). This C-terminal probe 
therefore served as an internal negative control 
relative to Cys265°7’ and Cys327’™ in studies 
of the effects from the binding of different phar- 
macological ligands. 

The '°F-NMR spectra of B,AR(1E'C265, 
C3278, C341A) and B,AR(C265A, "C327, 
C341A) (Fig. 2, C to E) show prominent changes 
upon addition of saturating concentrations of a 
collection of ligands (table S1) that represent a full 
spectrum of ligand efficacy (35). In general, the 
signals at 280 K of both B»AR(""'C265, C3278, 
C341A) and B,AR(C265A, ™'C327, C341A) 
consist of two components, suggesting that the 
BAR structure contains two independent equilib- 
ria between locally different conformations man- 
ifested at these two amino acid positions. Whereas 
ligand-free and inverse agonist-bound ''B,ARs 
have almost identical spectra, in which the po- 
pulations of C327! and C265' are much more 
prominent than those of C327" and C265“, 
spectra of ™™B,AR bound to the full agonist iso- 
proterenol exhibit approximately equal populations 
at both residues (Fig. 3A). Shifts of this equi- 
librium are observed with different agonists bound 
to '“"B,AR, suggesting that the peaks A and I are 
likely to represent the active and inactive state of 
both helices VI and VII of BAR, respectively. 
The temperature dependence of the '*F signals 
with regard to line width and peak intensity (Fig. 
2, C to E, and fig. S4) suggests that the active 
state of both helices VI and VII of BAR exhibits 
a larger degree of conformational plasticity than 
the inactive state; that is, the active state samples 
a wider range of conformers with slightly dif 
ferent chemical shifts, either in a static ensemble 
or in a manifold of conformers that also includes 
conformational exchange. 

The '°F-NMR data were analyzed with a 
double-Lorentzian function to obtain quantita- 
tive information on the conformational equilib- 
ria (Fig. 3A). This revealed that positions and 
widths of the NMR peaks remain practically un- 
changed for all ligands studied and confirmed 
that the major effects of agonist binding are 
population shifts from inactive state peaks (I) to 
those of active state (A). A plot of relative peak 
volumes for Cys265“ versus those for Cys327°, 
which represent the populations of the active 
state in helix VI and helix VII, respectively, 
reveals varying degrees of agonist-mediated shifts 
toward the active state manifested by Cys265°°’ 
and Cys327’** (Fig. 3B). For most agonists, the 
shifts along the two axes follow the same overall 
trend as their reported pharmacological efficacy on 
G protein activation (36). For instance, the partial 
agonists tulobuterol, clenbuterol, and norepineph- 
rine have a less pronounced effect on Cys265°°’ 
than the full agonist isoproterenol, whereas the 
full agonist formoterol elicits a greater shift in 
conformational equilibrium on Cys265°°’. These 
results suggest that the degree to which agonists 
shift the equilibrium toward the active state of 
helix VI results in differing G protein signaling 
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Fig. 4. Features of ligand binding in the BAR 
structure and a conceptual model of signaling 
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pathways to G proteins and arrestins in BAR activation. (A) Side view of the structure of active-state 
B2AR in the complex with the agonist BI-167107 (PDB ID 3SNé6), with helices V/VI and III/VII color- 
coded orange and blue, respectively, to indicate that they interact with the correspondingly colored 
fragments of the ligands in (B). (B) Chemical structures of the ligands used in the current *°F-NMR 
studies. Orange highlights the head groups, green the common ethanolamine moieties, and blue the 
substituents to the amino group of the ethanolamine tail. Ligand names are shown on the right, with 
published pharmacological efficacy indicated in parentheses. 


capacity. The antagonist/weak partial agonist 
alprenolol can induce a small shift on Cys265°°’ 
but has a minimal effect on Cys327’™, in agree- 
ment with previous findings that it is a weak 
partial agonist (25, 37). The inverse agonist 
carazolol, on the other hand, induces no ap- 
parent shifts as compared to the apo form. In con- 
trast, the two B-arrestin—biased ligands, isoetharine 
and carvedilol, cause large shifts of the equilibria 
in Cys327’™ toward the active state. Interest- 
ingly, carvedilol, like other antagonists and inverse 
agonists, has little influence on the equilibrium 
of Cys265°?’, whereas isoetharine, like other ago- 
nists, also produces a prominent shift of Cys265°7’ 
toward the active state. 

The large activation changes in Cys3277™ 
caused by carvedilol and isoetharine suggest 
that helix VII primarily affects B-arrestin sig- 
naling pathways. This is consistent with the 
result of a previous study that B,AR phospho- 
rylation by GPCR kinases, which is a pre- 
requisite for B-arrestin binding, primarily targets 
a region directly adjacent to helix VII on helix 
VIII (38). Furthermore, recent crystallographic 
(/J) and EM studies (/2) of a ByAR-Gapy het- 
erotrimer complex show that the G,, subunit makes 
major contact with helices V and VI of B,AR, 
resulting in a 14 A outward movement of the 
cytoplasmic ends of these helices, whereas there 
is no contact between Gogg, and helix VII (Fig. 
1, A and B), suggesting that the conformational 
changes in helix VII are not directly involved in 
G protein binding and signaling. 


To further characterize the environment of 
Cys327’™ in the active state, we evaluated the 
effect of the water-soluble paramagnetic relaxation 
agent gadopentetic dimeglumine (Magnevist, Bayer 
HealthCare Pharmaceuticals, New Jersey, USA) 
(39) on individual resonances of B2AR(C265A, 
TETC327, C341A) bound to isoproterenol. A 
comparison of the line widths of peaks A and I in 
the one-dimensional (1D) '°F-NMR spectra at 
various Magnevist concentrations revealed that 
peak I is more susceptible to the line broadening 
by Magnevist than peak A (fig. SLA), indicating 
that Cys327’** in the inactive state is more readily 
solvent-accessible than in the active state. This 
interpretation is consistent with crystal structure 
data, where Cys327’*4 was found to be solvent- 
exposed in the carazolol-bound structure (6) but 
buried in the transmembrane helix bundle of the 
receptor in its complexes with a nanobody (8) or 
the G protein (//) (fig. S1B). 

Additional insight from analysis of the 
'°F-NMR results can be obtained by examining 
the chemical structures of the agonists and their 
interactions with the individual helices in the 
BAR binding pocket (Fig. 4). The majority of 
known high-affinity adrenergic ligands have a 
common structural motif consisting of an aro- 
matic “head group” and an ethanolamine “tail 
group”. The head group (e.g., catechol) of ago- 
nists is directly connected to the ethanolamine 
tail, whereas antagonists and inverse agonists— 
both of which act as competitive inhibitors to 
agonists and either have no impact or a negative 


REPORTS | 


impact on the receptor basal activity—have an 
additional two-atom linker between the head 
and tail groups. Crystal structures of the B,AR 
complexes with various ligands (6—//), as well 
as biochemical (40-42) and modeling studies 
(43, 44) have established that the aromatic head 
groups interact with helices V and VI, whereas 
the ethanolamine tails are anchored by ionic and 
polar interactions at helices III and VII (Fig. 4A 
and fig. $2). For agonists, polar interactions of 
their head groups with helix V side chains thereby 
mediate an inward shift of Pro211°°°, and sub- 
sequent conformational changes involving Ile121°“° 
and Phe282° (8) result in the activation move 
of the cytoplasmic tip of helix VI. 

The changes observed by '°F-NMR (Fig. 3) 
provide additional insight into correlations be- 
tween the chemical structure of the ligands and 
their interactions with B.AR. Binding of full 
agonists (such as isoproterenol and formoterol) 
imparts a large shift in the conformational equi- 
librium of both helices VI (Cys265°?’) and VII 
(Cys327"™). Binding of partial agonists, which 
either completely lack (as in tulobuterol) or have 
much weaker (as in clenbuterol) polar features 
on their aromatic heads, has a smaller influence 
on the conformational equilibrium of helix VI 
than full agonists but has almost as much impact 
on helix VII. In addition, the B-arrestin—biased 
ligands carvedilol and isoetharine, which differ 
from their corresponding “unbiased” prototypes 
(inverse agonist carazolol and full agonist iso- 
proterenol, respectively) only in the tail moieties, 
strongly affect the helix VII equilibrium. Another 
important observation is that the 1D '°F-NMR 
spectrum of B,AR(C265A, C3278, ™™C341) 
bound to isoetharine, which is one of the most 
potent biased agonists, is similar to those of 
BoAR(C265A, C3278, ™™C341) bound to 
carazolol and isoproterenol (Fig. 2B). This 
shows that the C terminus of the nontransmem- 
brane helix VIII, where Cys341 is located, is 
not directly involved in the f-arrestin signaling 
pathway. In the absence of structural data on a 
complex of B,AR with B-arrestin, it is tempting 
to further hypothesize from this data that the 
position of Cys341 on helix VIII is located 
outside of the interface with bound arrestin. 

These observations on structure-activity rela- 
tionships for B-arrestin—biased B.AR ligands, 
and unbiased full and partial agonists, provide in- 
sights into B,AR signaling pathways that suggest 
the existence of parallel pathways for G protein 
and f-arrestin signaling (fig. S3). Although these 
pathways appear interconnected on several levels 
and may involve other activation-related rear- 
rangements in the cytoplasmic and periplasmic 
loops (45), the present '°F-NMR results point 
to a high level of decoupling of the two pathways. 
The implicated links between ligand structure 
and function may serve as a platform for future 
rational design of specific ligands. 

Given the above observations on the corre- 
lation between ligand structure and receptor re- 
sponse, a connection can now be made between 
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the chemical structures of pharmacological lig- 
ands and their signaling pathways acting either 
through G proteins or B-arrestins. The general 
principle that links the chemical space of the 
ligands to the specific changes in conformation- 
al plasticity at the signaling cytoplasmic receptor 
surface may be preserved in other GPCRs. The 
use of '°F-NMR may thus prove to be a widely 
applicable tool for structure-activity relationship 
studies of GPCR ligands. 
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Catalysis and Sulfa Drug Resistance 
in Dihydropteroate Synthase 


Mi-Kyung Yun,** Yinan Wu,”2* Zhenmei Li,” Ying Zhao,? M. Brett Waddell,* 
Antonio M. Ferreira,*> Richard E. Lee,> Donald Bashford,”* Stephen W. White?*+ 


The sulfonamide antibiotics inhibit dihydropteroate synthase (DHPS), a key enzyme in the folate 
pathway of bacteria and primitive eukaryotes. However, resistance mutations have severely 
compromised the usefulness of these drugs. We report structural, computational, and mutagenesis 
studies on the catalytic and resistance mechanisms of DHPS. By performing the enzyme-catalyzed 
reaction in crystalline DHPS, we have structurally characterized key intermediates along the 
reaction pathway. Results support an Sy1 reaction mechanism via formation of a novel cationic 
pterin intermediate. We also show that two conserved loops generate a substructure during 
catalysis that creates a specific binding pocket for p-aminobenzoic acid, one of the two DHPS 
substrates. This substructure, together with the pterin-binding pocket, explains the roles of the 
conserved active-site residues and reveals how sulfonamide resistance arises. 


rug resistance has led to a decrease in 
the clinical utility of virtually all marketed 
antibacterial agents (/), and the sulfon- 
amide class of antibiotics (sulfa drugs) was an 
early victim of this phenomenon (2, 3). Sulfa 
drugs interrupt the essential folate pathway in 
bacteria and primitive eukaryotes; they target the 
enzyme dihydropteroate synthase (DHPS), which 


catalyzes the condensation of 6-hydroxymethyl- 
7,8-dihydropterin pyrophosphate (DHPP) with 
p-aminobenzoic acid (PABA) in the production 
of the folate intermediate, 7,8-dihydropteroate (4). 
Sulfa drugs target both Gram-positive and Gram- 
negative bacterial infections, and combination ther- 
apies such as co-trimoxazole—a mixture of the sulfa 
drug sulfamethoxazole (SMX) and the dihydro- 


folate reductase (DHFR) inhibitor trimethoprim— 
are effective against many pathogenic microorga- 
nisms (5). However, DHPS mutations have been 
frequently characterized in many clinical isolates, 
relegating sulfonamide-based therapies to second- 
or third-line options. 

Co-trimoxazole has proven to be effective against 
several emerging threats, including community- 
acquired multidrug-resistant Staphylococcus 
aureus (MRSA) (6, 7) and Pneumocystis jiroveci 
infections in immune-compromised patients (8). 
DHPS therefore remains an important drug tar- 
get, and we are developing new inhibitors that 
target the DHPP-binding pocket of the enzyme 
(9-11). Understanding the DHPS catalytic mech- 
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anism and the mechanistic basis of sulfa drug 
resistance is crucial for these drug discovery ef- 
forts. DHPS has a TIM barrel a/B structure, and 
many of the drug resistance point mutations are 
located within two flexible and conserved loops 
that appear to make important contributions to the 
active site (9, //—/5). The inability to observe 
these loops in their catalytic and/or substrate- 
bound conformations in the available crystal struc- 
tures has hampered efforts to understand the 
structural basis of catalysis and sulfa drug resistance. 

DHPS catalyzes the formation of a bond be- 
tween the amino nitrogen of PABA and the C9 
carbon of DHPP, with pyrophosphate as the 
leaving group. It has been suggested that the re- 
action proceeds by an Sy2-like mechanism (/4), 
but the NH, group of PABA is a poor nucleo- 
phile, and crystal structures of DHPS with the 
substrate analog 6-hydroxymethyl pterin pyro- 
phosphate (PtPP) and the product analog pteroate 
suggest that the required attack geometry is steri- 
cally disfavored (9). To visualize DHPP and PABA 
in the active site, we soaked both compounds into 
Bacillus anthracis DHPS (BaDHPS) crystals (table 
S1) (/6). We found that both molecules in the 
asymmetric unit (molecules A and B) performed 
catalysis, leaving the product 7,8-dihydropteroate 
bound at the active site (Fig. 1A). This was un- 
expected because these crystals are grown at pH 
9.0 and in 1.4 M sulfate, conditions that would 
be expected to hinder catalysis. The costructure 
closely resembles the pteroate costructure (9), and 


W 
7,8-dihydropteroate 
K220 ces 


Fig. 1. Products generated by crystalline BaDHPS. (A) The product 7,8- 
dihydropteroate after soaking crystals in DHPP, PABA, and Mg2*. (B) DHP* 
and PHBA after soaking crystals in DHPP, PHBA, and Mg2*. (C) DHP* after 
soaking crystals in DHPP and Mg**. In each figure, loop 1 is shown in 
magenta, loop 2 in green, and the N terminus of helix aloop7 in teal; a 
sulfate ion (yellow/red) occupies the anion-binding pocket. The surrounding 
protein is shown in light gray; carbon, oxygen, and nitrogen atoms are 
shown as black, red, and blue balls, respectively; covalent bonds are shown 


both have a sulfate ion instead of the eliminated 
pyrophosphate of DHPP in the anion-binding 
pocket. A new feature is the partial ordering of 
loop 2 in molecule A that packs onto the PABA 
moiety, which is now sandwiched between loop 
2 and Lys™®. This is the first indication that one 
role of loop 2 is to stabilize the binding of PABA 
at the active site. 

To investigate whether PABA is locked into 
place before product formation, we replaced PABA 
with p-hydroxybenzoic acid (PHBA), a less re- 
active PABA analog (/6). The structure (table S1) 
showed that PHBA indeed binds in the same 
location as PABA, with a partially ordered loop 
2 clamping it in place (Fig. 1B). The structure 
also revealed that DHPP had lost its pyrophos- 
phate group in both molecules A and B, leav- 
ing the dihydropterin core in the pterin-binding 
pocket. There is no evidence of an OH group at 
C9 that would result from hydrolysis of an un- 
stable carbocation. This structure confirms that 
the pyrophosphate is not removed by an Sy2 nu- 
cleophilic attack but is eliminated in a manner 
consistent with an Syl reaction. 

We explored alternatives to an S\y2 mecha- 
nism by performing quantum chemical modeling 
of the initial step of a “pure” Syl reaction: the 
cleavage of the C9-O bond of DHPP in the ab- 
sence of PABA (figs. S1 and S2) (/6). Three key 
results resulted from these computational analy- 
ses: (i) The barrier to bond breaking is only 
~24 kcal mol ’; (ii) the essential Mg’ ion (17) 


N, Asn; R, Arg; S, Ser. 


REPORTS | 


adds the leaving pyrophosphate o-oxygen to its 
coordination shell, thereby acting as a Lewis acid 
and assisting pyrophosphate elimination; and 
(iii) the carbocation formed at the C9 position 
is stabilized by charge delocalization into the 
pterin ring. This predicted scenario is analogous 
to the Syl mechanism of the prenyltransferases 
(18, 19). Natural bond order analyses (20) be- 
fore and after bond breaking indicate resonance 
stabilization of the carbocation that includes a 
partial iminium character of N8. We propose that 
this cationic intermediate, which we term DHP", 
is the dihydropterin core species that we observe 
in the crystal structure. 

The calculations suggest that DHPS can 
slowly release pyrophosphate from DHPP inde- 
pendent of PABA binding at the active site. To 
test this, we soaked BaDHPS crystals in DHPP 
without PABA (/6), and the structure (table S1) 
revealed that pyrophosphate had indeed been 
released from DHPP (Fig. 1C). Loop 2 was com- 
pletely disordered, which supports its role in 
helping to lock PABA onto the surface of Lys”””. 
The calculations also support the essential role 
of the Mg** ion (7), and we confirmed this ex- 
perimentally for BaDHPS (fig. S3A) (16). To 
visualize the effect of removing Mg", we pre- 
soaked crystals in EDTA to remove Mg*’, and 
then added EDTA and DHPP for a further 3 hours 
of soaking (/6). The resulting structure (table 
S1) showed that pyrophosphate is still cleaved 
from DHPP but remains trapped in the anion- 


in yellow, and hydrogen bonds are shown with red dashes. The Fou. — Fratc 
electron densities were generated from refined structures in which the 
indicated ligands were omitted and are contoured at 30. Below each panel 
is the structure of the key molecule bound in the complex. DHP* is bound in 
both (B) and (C), but the structure is only shown in (C) with the pterin ring 
atoms numbered. W indicates an ordered water molecule in the pterin- 
binding pocket. Abbreviations for amino acids: D, Asp; H, His; |, lle; K, Lys; 
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binding pocket, where it appears to stabilize the 
conformations of loop 1 and loop 2 (fig. S4). 
Therefore, Mg” is not absolutely required for the 
cleavage of pyrophosphate from DHPP but may 
play a key role in its release from the enzyme. 

We also completed two crystal structures of 
Yersinia pestis DHPS (YpDHPS) (/6): the apo 
structure (fig. SSA and table S2) and the com- 
plex with pteroate (fig. SSB and table $2). Al- 
though both structures closely resemble those of 
BaDHPS (9), two features particularly recom- 
mend them for mechanistic studies: Loop | and 
loop 2 are both unconstrained by crystal con- 
tacts in the apo structure and are free to adopt 
functional conformations, and the crystals are 
grown in more physiological conditions (pH 6 
to 7 and 12% PEG 20,000). 

Soaking DHPP and PABA into YpDHPS 
crystals gave a structure (table S2) that appar- 
ently shows the enzyme near the transition state 
(Fig. 2A, fig. S6A, and movie S1). In both mol- 
ecules in the asymmetric unit, PABA, DHP", 
pyrophosphate, and a Mg”* ion are all present 
within a highly organized loop 1 and loop 2 sub- 
structure prior to product formation. The released 
pyrophosphate occupies a pocket comprising res- 
idues Ser’, Ser, and Asp*> from loop 1 (the 
latter two residues via an ordered water molecule), 
Ser® and Thr®” from loop 2, and Arg” and His”°° 
from the anion-binding site (we use BaDHPS 
numbering; the sequence alignment is shown 
in fig. S7). The Mg" ion is octahedrally co- 
ordinated with the two distal oxygen atoms of 
the pyrophosphate, the O51 oxygen of Asn?’, 
and three water molecules. The entire active site 
is covered by the distal end of loop 1 encompass- 
ing Pro*’ to Gly*’, which forms a B-ribbon struc- 
ture. The component residues make a number 
of stabilizing interactions; Asp*! is clamped be- 
tween Arg® and Arg®, Ser* interacts with the 
pyrophosphate as noted above, Ser* interacts 
with Arg”!°, and Asp* interacts with Asn’’. 

The YpDHPS complex structure (Fig. 2A) 
explains three key features of the catalytic mech- 
anism and the active site. First, it explains that 
an essential role of Mg" is to order the loop 
1—loop 2 substructure, as well as to stabilize the 
leaving pyrophosphate. The conformations and 
locations of the active-site residues, the bound 
substrates, and the Mg”* ion closely match those 
of the computed state in which the C-O bond 
has been broken (fig. S2D, RMSD = 0.77 A) 
(16). Second, it explains why the residues with- 
in the two loops are so highly conserved. Finally, 
it explains why the PABA-binding site has been 
so difficult to visualize: It is only fully formed in 
this complex. Phe*? from loop 1, Pro” from loop 
2, and Lys”° and Phe'* are all highly con- 
served, and they combine to form the PABA- 
binding pocket. Also, loop 1 forms a protective 
lid over the active site with a restricted entrance 
that matches the shape and chemistry of PABA. 
Consistent with our previous results (9), the car- 
boxylate moiety of PABA is accommodated by 
Ser”! and the helix dipole of helix cloop7. 
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Fig. 2. The DHPS catalytic mechanism. (A) Stereo view of the Y. pestis (Yp) DHPS ordered active site 
generated from YpDHPS crystals soaked in DHPP, PABA, and Mg2*. Loop 1 (magenta), loop 2 (green), 
and an octahedrally coordinated Mg** ion (green ball) are all organized by the pyrophosphate (PP; 
orange/red), and a PABA molecule is bound within a specific binding pocket. Note that loop 1 caps the 
active site via a distal B-ribbon substructure, and the distal Pro°? of loop 2 engages the bound PABA. 
The residue numbering corresponds to BaDHPS. (B) The proposed Sy1 chemical reaction catalyzed by 
DHPS. Pyrophosphate is first removed from DHPP. The resulting cationic intermediate species can adopt 
the DHP* resonance forms shown in the square brackets in which the positive charge is delocalized into 
the pterin rings and stabilized by the pterin-binding pocket. The amine group of PABA finally attacks 
DHP* at the C9 carbon atom to generate the product 7,8-dihydropteroate. Abbreviations for amino acids: 
C, Cys; D, Asp; F, Phe; G, Gly; H, His; I, Ile; K, Lys; N, Asn; P, Pro; R, Arg; S, Ser; T, Thr. 


Table 1. Kinetic parameters of wild-type and mutant BaDHPS. k,,,, observed turnover number; Kin, 
Michaelis constant; ND, activity too low to detect. 


DHPP PABA 

Enzyme 

Kobs (s-*) Kn (uM) Kobs (s-*) Km (uM) 
Wild type 0.545 + 0.0068 3.16 + 0.150 0.520 + 0.0136 1.78 + 0.218 
N27A 0.007 + 0.0001 5.82 + 0.237 ND 
F33A 0.239 + 0.0032 3.94 + 0.192 0.789 + 0.0327 507.90 + 33.070 
F33L 0.318 + 0.0041 4.83 + 0.210 0.563 + 0.0086 185.90 + 6.422 
D35A 1.100 + 0.0156 4.24 + 0.210 0.999 + 0.0117 71.21 + 2.956 
S66A 0.443 + 0.0086 2.76 + 0.215 0.459 + 0.0088 14.45 + 0.767 
D101N 0.087 + 0.0021 1.63 + 0.192 0.086 + 0.0010 3.57 + 0.141 
D184N ND ND 
K220Q 0.086 + 0.0023 35.47 + 1.735 0.177 + 0.0111 410.20 + 42.480 


Our data show that the role of the pterin- 
binding pocket is to first bind DHPP and then 
promote the release of pyrophosphate by sta- 
bilizing a carbocation on the C9 carbon. The 
likely roles of the conserved Asp'** and Asp'®! 
are to stabilize resonance forms that move the 
positive charge away from this primary carboca- 


tion and toward the N3/2-amino and N8 nitrogen 
atoms, respectively, either by ionic interactions or 
by proton abstraction (/6). The electrophilic DHP* 
intermediate can then react with the incoming 
PABA nitrogen via nucleophilic conjugate ad- 
dition. We showed experimentally (/6) that the 
release of pyrophosphate, and presumably the dis- 
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Fig. 3. Sulfa drug mechanism and resistance. (A) B. anthracis (Ba) DHPS 
crystals soaked in DHPP and STZ reveal a covalent DHP-STZ adduct bound 
at the active site and stabilized by an ordered loop 2. The boxed labeled 
residues are sites of sulfa drug resistance, and two major sites are labeled 
in boxed orange. The molecular envelope (light gray) encompasses the 
binding pockets for pterin, PABA, and the anion (PPi or sulfate). Note that 
the thiazole ring of STZ extends outside this pocket directly adjacent to Pro®. 
The structure of DHP-STZ is shown below. (B) Stereo view of the Y. pestis (Yp) 


DHPS active site occupied by DHPP, sulfamethoxazole (SMX), and an octa- 
hedrally coordinated Mg2* ion. The structure is very similar to that shown in 
Fig. 2A with PABA in place of SMX. One difference from the PABA structure is 
that DHPP is intact with the pyrophosphate covalently attached. The residue 
numbering corresponds to BaDHPS. The structures of DHPP and SMX are 
shown below. In both figures, loop 1 is shown in magenta, loop 2 in green, 
and the N terminus of helix aloop7 in teal. Abbreviations for amino acids: A, 
Ala; D, Asp; F, Phe; G, Gly; I, Ile; K, Lys; N, Asn; P, Pro; R, Arg; S, Ser; T, Thr. 


solution of the intermediate-state substructure, is 
promoted by PABA (fig. S3B). The Syl mech- 
anism that we propose is shown in Fig. 2B. 

We prepared eight active-site BaDHPS mu- 
tants to test this proposal (/6). The kinetic param- 
eters were measured using an assay that monitors 
pyrophosphate release (/6), and the results are 
summarized in Table 1. Parallel assays were per- 
formed in the presence of high (200 uM) PABA 
and high (50 uM) DHPP to allow independent 
measurements of the binding affinities of the two 
substrates. In general, the mutations support the 
proposed mechanism and the intermediate-state 
substructure shown in Fig. 2A. Loop | mutations 
Asn?’ — Ala (N27A), Phe*? — Ala (F33A), 
Phe*? — Leu (F33L), and Asp** > Ala (D35A) 
and loop 2 mutation Ser% — Ala (S66A) all 
primarily affected the binding of PABA and had 
little effect on the binding of DHPP. Each of these 
residues, directly or indirectly, contributes to the 
PABA-binding site. The pterin-pocket mutants, 
Asp'®! — Asn (DIOIN) and Asp'** —> Asn 
(D184N), were designed to investigate the effect 
of removing these negative charges. D184N was 
unable to bind DHPP because the asparagine side 
chain adopts a rotamer that prevents its interac- 
tion with the pterin ring (table S1 and fig. S8). 
However, D101N showed efficient binding to 
both DHPP and PABA but had a much reduced 
kops. Finally, Lys*?° — Gin (K220Q) showed 
reduced binding to PABA and DHPP, consistent 
with the role of Lys”° in binding both substrates. 

To investigate the mechanism of the sulfa 
drugs, we soaked BaDHPS crystals in DHPP and 
sulfathiazole (STZ) and determined the structure 


(table S1) (16). Molecule A revealed a clear DHP- 
STZ product (Fig. 3A) similar to that of the 
normal product (Fig. 1A), whereas molecule B 
revealed the bound drug before complex forma- 
tion, similar to the PHBA complex (Fig. 1B). 
This finding is consistent with previous studies 
showing that sulfa drugs can replace PABA as 
DHPS substrates (2/7, 22). We then soaked DHPP 
and SMX into YpDHPS crystals and obtained a 
structure (Fig. 3B, fig. S6B, table S2, and movie 
S82) similar to that observed with DHPP and PABA 
(Fig. 2A) (/6). In molecules A and B, DHPP is 
bound and loop 1 and loop 2 are ordered by py- 
rophosphate and an octahedrally coordinated 
Mg” ion, but only molecule B contains SMX in 
the PABA-binding pocket. A difference from the 
YpDHPS PABA/DHPP structure (Fig. 2A) is that 
pyrophosphate remains attached to DHPP, but this 
has little effect on the loop conformations because 
both the location and Mg”* coordination of the 
pyrophosphate are unaffected. 

The YpDHPS sulfa drug complex reveals the 
drug binding site. SMX perfectly fits the PABA- 
binding pocket, with the negatively charged oxy- 
gen atoms of the sulfonyl group matching the 
PABA carboxyl group and their common phenyl 
groups engaging the same hydrophobic pocket 
in the loop 1-loop 2 substructure. Figure 3B 
shows that the common sites of resistance are all 
clustered around this substructure. Phe**, Thr°’, 
and Pro® are frequently observed sites of resist- 
ance mutations (/4) and form key elements of 
the PABA-binding site. It has been observed that 
resistance is typically associated with regions of 
a drug that extend beyond the substrate envel- 


ope (23). Figure 3A reveals that the thiazole and 
methoxazole rings of STZ and SMX, which 
have no counterparts in PABA, are positioned 
outside the DHPS substrate envelope and are 
located such that mutations at Phe** and Pro 
can impede sulfa drug binding. 
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Identification of the Social and 
Cognitive Processes Underlying 
Human Cumulative Culture 


L. G. Dean,” R. L. Kendal,?* S. J. Schapiro,? B. Thierry,* K. N. Laland** 


The remarkable ecological and demographic success of humanity is largely attributed to our capacity 
for cumulative culture, with knowledge and technology accumulating over time, yet the social and 
cognitive capabilities that have enabled cumulative culture remain unclear. In a comparative study of 
sequential problem solving, we provided groups of capuchin monkeys, chimpanzees, and children with 
an experimental puzzlebox that could be solved in three stages to retrieve rewards of increasing 
desirability. The success of the children, but not of the chimpanzees or capuchins, in reaching 
higher-level solutions was strongly associated with a package of sociocognitive processes—including 
teaching through verbal instruction, imitation, and prosociality—that were observed only in the 


children and covaried with performance. 


he success of humanity in colonizing 
| virtually every terrestrial habitat on the 
planet and resolving countless ecological, 
social, and technological challenges is widely 
attributed to our species’ unique capability for 
“cumulative culture’”—the extensive accumula- 
tion of knowledge, and iterative improvements 
in technology, over time (/, 2). Although many 
animals—especially mammals, birds, and fishes— 
acquire knowledge and skills from others (often 
manifest in behavioral traditions), in no instance 
have these unambiguously exhibited “ratcheting” 
in complexity (2). Given that the adaptive value 
of cumulative learning is well established (/, 3, 4), 
the question as to why social learning is so much 
more widespread than cumulative culture con- 
stitutes a major evolutionary puzzle (/, 47). 
Although claims have been made for cumu- 
lative culture in other species (8-0), the evi- 
dence is circumstantial and contested (2, 5, 6, 1/). 
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The resulting debate has spawned a large num- 
ber of distinct hypotheses concerning the cog- 
nitive capabilities, or social conditions, thought 
to be necessary for cumulative culture. These 
explanations include a hypothesized critical de- 
pendency of cumulative culture on aspects of 
social cognition deemed to be exclusive to (or 
substantially enhanced in) humans, including 
teaching (henceforth hypothesis 1, or H7), lan- 
guage (2), imitation (13), and prosociality (H/4) 
CU, 2, 4, 5, 1/—14). Other explanations stress 
features of social structure that mitigate against 
the spread of superior solutions in animals oth- 
er than humans, including scrounging (klepto- 
parasitism; 15), which can hinder social learning 
and demotivate resource production (/5); the tend- 
ency of dominant individuals to monopolize re- 
sources, thereby preventing subordinates from 
learning (H6) (16); and a lack of attention to 
low-status inventors (H7) (17, 18). A further (non- 
social cognition) hypothesis is that satisficing, 
or conservative behavior, hinders ratcheting in 
nonhumans (H8) (8, 19). Large social networks 
(20, 21) may enhance cultural diversity and pro- 
mote cumulative culture, but we do not consider 
this hypothesis because it presupposes the ex- 
istence of the necessary cognitive capabilities. 

Cumulative culture has been investigated 
through historical analysis (22), in the psycho- 
logical laboratory (23), and through experimen- 
tation in chimpanzees (/4). However, until now, 
there has been no extensive and rigorous experi- 
mental investigation of the capacity for cumu- 


lative cultural learning that simultaneously tests 
humans and other animals using the same ap- 
paratus and that is capable of evaluating all of 
the aforementioned hypotheses. Here, we present 
such an investigation. 

We designed a puzzlebox (Fig. 1) that could 
be solved at three stages of difficulty, with suc- 
cess at stage 2 building on stage | and success 
at stage 3 building on stage 2. We presented ap- 
propriately scaled versions, under a variety of 
conditions, to groups of children (NV = 35, eight 
groups of 3- to 4-year-olds from three nurseries 
in Fife, UK), chimpanzees (Pan troglodytes; N = 
74, eight mixed juvenile and adult groups at 
the Michale E. Keeling Center for Comparative 
Medicine and Research, University of Texas), 
and capuchin monkeys (Cebus apella; one group 
over 2 years, year | N = 22, year 2 N= 18, at 
the Centre de Primatologie, Strasbourg) (see sup- 
porting online material). All stages could be 
completed through two parallel options (Fig. 1), 
allowing us to investigate cooperation, tolerance, 
and social learning at the task; presentation in 
social groups allowed solutions to each level to 
spread among individuals. Experiment | included 
two conditions: an “open” condition, where groups 
could gain access to all stages and a “scaffolded” 
condition, where guards prevented access to the 
manipulandi associated with higher stages until 
performance at the lower stage reached criterion. 
In experiment 2, conducted only with chimpan- 
zees, one female from each of four additional 
groups was isolated from her group and trained to 
use the puzzlebox to stage 3. The use of trained 
females of differing status as demonstrators al- 
lowed investigation of how social rank affected 
the spread of solutions. 

Chimpanzees and capuchins were selected 
because the evidence for cultural traditions is as 
strong in these species as in any nonhuman (24, 25), 
maximizing the chances of observing cumula- 
tive cultural learning. Moreover, chimpanzees, 
as our closest relative, provide an appropriate 
comparator to humans, with the performance of 
capuchins aiding interpretation of any chimpanzee- 
human differences. Children are widely used in 
comparative studies [e.g., (26)] to help tease out 
the effects of culture, as adults have been greatly 
enculturated by society. 

We anticipated that children, but not chim- 
panzees or capuchins, would exhibit evidence of 
cumulative cultural learning, and the study was 
designed to sort between alternative explanations 
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for this. For a hypothesis to be deemed supported 
(.e., not falsified), we specified that it should 
satisfy two criteria: (1) Differences in the relevant 
predictor variable should covary with differences 
in species’ mean performance in the cumulative 
task, in the predicted direction; and (ii) within- 
species variation in the relevant predictor should 
covary with variation in individual performance 
within species, in the predicted direction. Thus, 
we used analyses of covariation, both between 
and within species, to reject causal hypotheses 
that were inconsistent with the data. We further 
assumed that the manner in which social or cog- 
nitive processes currently operate is qualitatively 
similar to the manner in which they operated in 
ancestral environments. Hence, although our study 
sought to identify the proximate processes un- 
derlying cumulative cultural learning in contem- 
porary populations, the same processes were 
potentially ancestral sources of selection. 
Performance with the puzzlebox is sum- 
marized in Fig. 2A. After 30 hours of presen- 
tation of the task to each of four chimpanzee 
groups, only 1| of 33 individuals reached stage 3, 
with a further 4 having reached stage 2, and 
with each group having witnessed multiple sol- 
vers at stage 1 (experiment 1). Chimpanzee per- 
formance was not greatly enhanced by trained 
demonstrators (experiment 2), who performed 
stages | to 3 proficiently. A similar pattern was 
observed in the capuchins: After 53 hours, no 


A 


Guard to prevent visual 
access to food rewards 
before they are placed in 
feedtubes. 


Dial to open stage 3, which 
can be turned using either 
blue or red finger holes. 


Door in fully closed postion. Door is 
pushed to reveal stage 1 feedtube. 


individual reached stage 3 and only two individ- 
uals reached stage 2. Thus, the experiments pro- 
vide no evidence for cumulative cultural learning 
in chimpanzees or capuchins. These findings stand 
in stark contrast to those of the children, where 
despite a far shorter exposure to the apparatus 
(2.5 hours), five of the eight groups had at least 
two individuals (out of a maximum of five) who 
reached stage 3, with multiple solvers at stages 
2 or 3 in all but two groups (see supporting on- 
line material). 

Analyses revealed support for four of the 
eight hypotheses (Fig. 2, B to E), suggesting that 
teaching, communication, observational learning, 
and prosociality all played important roles in hu- 
man cultural learning but were absent (or played 
an impoverished role) in the learning of chim- 
panzees and capuchins. 

A total of 23 unambiguous instances of teach- 
ing by direct instruction (i.e., referencing part of 
the puzzlebox) were observed (X = 0.69 + 0.32), 
exclusively in the children (H7) (Fig. 2B), of 
which all involved task-relevant communication 
(e.g., “push that button there”) and approximately 
one-third involved gesture. A strong positive re- 
lationship was observed between the amount of 
instruction received and the stage reached by a 
child [Spearman’s p = 0.598, P = 0.0001 (27)]. 
Such an analysis fails to consider teaching pre- 
cursors, or subtle processes similar to teaching, 
such as “pedagogical cuing” (28) or “scaffold- 


Up and down buttons 
to open stage 2, either 
of which can be pushed 
to access this stage. 


Door in fully open 
position, revealing 
feedtubes containing 
carrot, apple, and grape. 


Following manipulation of buttons and dial, door can 
be pushed wider to reveal stage 2 and 3 feedtubes. 


Fig. 1. (A). The cumulative culture puzzlebox, which could be solved at three sequential stages, each 
building on the preceding stage. (B) Illustration of puzzlebox use. Stage 1 required individuals to push 
a door in the horizontal plane to reveal a chute through which a low-grade reward was delivered. Stage 
2 required individuals to depress a button and slide the door further to reveal a second chute for a 
medium-grade reward. Stage 3 required the solver to rotate a dial, releasing the door to slide still 
further to reveal a third chute containing a high-grade reward. All stages could be completed through 
two parallel options (alternative doors could be slid left or right at stage 1, alternative buttons at the 
top or bottom could be depressed at stage 2, and alternative colored finger holes enabled rotation of 
the dial at stage 3), with sets of three chutes on both left and right sides. This two-action, two-option 
design aided evaluation of alternative social learning mechanisms and allowed two individuals to 
operate the puzzlebox simultaneously. Replenishment of the chutes by the experimenter allowed the 
apparatus to be continuously used for long periods. Pilot work established an unambiguous ascendancy 
in the desirability of reward with stage (food stage 1 = carrot, 2 = apple, 3 = grapes for chimpanzees 
and capuchins; stickers of increasing size and attractiveness for children). 
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ing” (29). To explore whether chimpanzees or 
capuchins might facilitate learning in others (e.g., 
through enlisting offspring’s interest in the task), 
we examined rates of both provisioning and food- 
calling by “knowledgeable” individuals. How- 
ever, we observed substantially greater rates of 
tolerated theft of extracted food by mothers 
from offspring than vice versa in chimpanzees 
(Wilcoxon W= 16, P = 0.026) and no tolerated 
theft in mother-infant pairs of capuchins. More- 
over, neither chimpanzees (Wilcoxon W= 6.5, 
P = 0.77) nor capuchins (W = 9, P = 0.45) 
exhibited any difference in the rate of recruit- 
ment of others to the puzzlebox before, versus 
immediately after, a food call, and low rates of 
calling were observed; in contrast, children who 
received verbal instruction outperformed those 
who did not (#2) (Mann-Whitney U= 41, P= 
0.002; Fig. 2C). 

We also compared the rate at which indi- 
viduals from each species, in their first response 
or during the subsequent minute, performed a 
matching manipulation (e.g., copy push down 
button on left) to that observed being performed 
by another individual departing the box (H3). 
Matching (table S6) could constitute copying 
the actions of others (i.e., imitation) or mak- 
ing the same manipulandi move in the same 
way (i.e., emulation). Children alone performed 
more matching than nonmatching manipula- 
tions (Wilcoxon W = 163, P = 0.003), they 
produced a significantly greater proportion of 
matching actions than both chimpanzees and 
capuchins (Kruskal-Wallis y° = 18.13, df= 2, 
P=0.001; Fig. 2D), and the degree of matching 
they exhibited correlated positively with per- 
formance (Spearman’s p = 0.41, P= 0.01). We 
observed chimpanzee social learning at stage 
1 (option-bias analysis, y* = 941.6, P = 0.021) 
(30) but not at higher stages. 

Regarding prosociality (H4), we hypothe- 
sized that if individuals voluntarily give rewards 
to others, this signifies an understanding that 
others share the motivation of achieving the 
goal that they had achieved. We observed 215 
altruistic events where a child spontaneously gave 
another child a retrieved reward (x = 6.14 + 2.32; 
47% of children exhibited altruism), but not a 
single instance of the voluntary donation of food 
in either the chimpanzees or capuchins (Fig. 
2E). The number of prosocial acts received co- 
varied strongly with the stage that a child reached 
(Spearman’s p = 0.54, P= 0.001). Moreover, the 
proportion of manipulations that children per- 
formed at the same time that another individual 
was in proximity was significantly greater than in 
either chimpanzees or capuchins, indicating great- 
er tolerance of others, cooperation, and shared 
motivation among children. 

The other four hypotheses failed to satisfy 
our criteria, providing little evidence that the 
capability for cumulative culture is affected by 
either social structure or nonsocial cognition. 
There was a positive, rather than the predicted 
negative, correlation between the amount of 
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Fig. 2. (A) Attainment of stages 2 and 3 was exceptionally rare or absent in 
capuchins and chimpanzees but common in human children. (B) We observed 23 
unambiguous instances of teaching, by direct instruction, exclusively in children. (C) 
In neither chimpanzees nor capuchins was there greater recruitment to the task 
after, versus before, a food call. Conversely, children who received verbal instruction 
outperformed those who did not. (D) Children alone performed more matching than 
nonmatching manipulations, and they produced a greater proportion of matching 
actions than did either chimpanzees or capuchins. (E) We observed 215 altruistic 
events (giving an extracted reward to others), exclusively in children. (F) There was 
no evidence that scrounging hindered performance in any species; children who 


were victims of scrounging outperformed children who were not. (G) Dominant 
children and chimpanzees did not monopolize the task, and high-ranking capuchins 
monopolized the puzzlebox in 2007 but not 2008. (H) Low-rankers did not receive 
less attention than high-rankers when manipulating the task. (I) In the open 
condition, where they received rewards at all stages, neither chimpanzees nor 
children manipulated the puzzlebox less than individuals in the scaffolded condition. 
In (G) and (H), capuchins (2007 and 2008 pale and dark yellow, respectively) and 
chimpanzees were split into three (high-, mid-, low-) rank categories, although for 
clarity and comparability with the child data, we present only analysis of high- versus 
low-ranked individuals. **P < 0.05; ***P < 0.01; NS, not significant. 


Table 1. Numbers (and percentages) of children reaching each stage, together with the amount of teaching, matching (e.g., imitation), and prosociality 


(altruism) exhibited. 


Number of 
individuals 
(from N groups) 


Number that 


Stage reached * : 
g received teaching 


Number with 
more matching 
than nonmatching 


Number that 
received no 
social support 


Number that 
received altruism 


manipulations 
) 8 (5) 0 1 (12.5%) 0 7 (87.5%) 
1 8 (3) ) 4 (50%) 4 (50%) 3 (37.5%) 
2 4 (3) 1 (25%) 1 (25%) 2 (50%) 1 (25%) 
3 15 (5) 9 (60%) 11 (73%) 11 (73%) 0 
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scrounging an individual falls victim to and per- 
formance in capuchins (Spearman’s p = 0.71, P= 
0.0002), chimpanzees (p = 0.312, P = 0.008), 
and children (p = 0.8, P = 6.87 x 10°), and no 
sign that scrounging hindered performance (15) 
(Fig. 2F). Dominant children (Wilcoxon W = 
186, P = 0.15) and chimpanzees [analysis of 
variance (ANOVA) F>,72 = 3.49, P = 0.036] did 
not monopolize the puzzlebox (H6), and although 
there was a positive correlation between rank 
and puzzlebox use among capuchins in 2007 
(Kruskal-Wallis x = 8.23, df = 2, P = 0.016), 
this was not repeated in 2008 (y* = 0.13, df= 2, 
P = 0.93) (Fig. 2G). When manipulating the 
box, low-rankers did not receive less attention 
(defined as having others within 1.5 m of the 
task) than high-rankers (H7) (Fig. 2H; capuchins 
2007, Kruskal-Wallis x? = 2.49, df= 2, P= 0.29; 
capuchins 2008, y? = 2.08, df = 2, P = 0.35; 
chimpanzees, ANOVA F>72 = 1.22, P= 0.3; chil- 
dren, Wilcoxon W = 100, P = 0.61), nor was 
there any evidence for satisficing or conservatism 
(HS) (Fig. 21; chimpanzees, Mann-Whitney U = 
166.5, P = 0.42; children, U= 163, P= 0.54), 
with individuals continuing to manipulate the 
dials and buttons of the puzzlebox after they had 
found the solution to stage 1. In the open con- 
dition, where they received rewards at all stages, 
both chimpanzees and children manipulated the 
puzzlebox slightly more, rather than less, than 
individuals in the scaffolded condition, despite 
the latter being unrewarded at the previous stage(s). 
Although we did not find a significant difference 
between the proportions of rewards scrounged 
at each stage in chimpanzees, they expressed clear 
and strong preferences for the three foodstuffs in 
pilot work, and olfactory holes in the doors al- 
lowed these foods to be detected in the apparatus 
prior to their extraction. Moreover, many of the 
chimpanzees performed failed attempts to access 
the foods by “termiting” (inserting stalks through 
the olfactory holes), and all 29 cases involved an 
attempt to reach the highest-stage food that was 
available. In the children and capuchins, more 
low-stage than high-stage rewards were scrounged, 
which reflects a greater motivation to retain high- 
grade rewards. 

Thus, we found no support for the hypotheses 
that cumulative culture is absent in chimpanzees 
or capuchins because in these species the social 
transmission of superior solutions is hindered by 
scrounging, because dominant individuals mo- 
nopolize key resources, because of a lack of at- 
tention to low-status innovators, because these 
animals satisfice, or because these animals were 
unable to discriminate higher-quality from lower- 
quality rewards. Nor can the results be easily dis- 
missed as an artifact of captivity testing, as wild 
chimpanzees and capuchins have been subjected 
to long-term studies that reveal no unambiguous 
evidence for cumulative culture (24, 25). Likewise, 
our animals cannot be described as “dysfunctional” 
because they have performed effectively in pre- 
vious studies demonstrating social learning and 
tradition of noncumulative tasks (37, 32). 


Closer inspection of the children’s behavior 
supports the conclusion that a package of social 
cognitive capabilities, encompassing teaching 
(largely through verbal instruction) as well as 
matching (e.g., imitation) and prosociality (altru- 
ism), was critical for performance at the highest 
level. Table 1 reveals that all children who reached 
level 3 received at least one form of social sup- 
port and 86% received at least two types. Con- 
versely, children who did not benefit from social 
support generally performed poorly in the task. 
These data not only provide clear and strong evi- 
dence for a cumulative cultural capability in the 
children but strongly link their elevated per- 
formance to their social cognition. 

The puzzlebox experiment reveals clear and 
characteristic differences in cumulative cultural 
learning and patterns of social interaction among 
children, chimpanzees, and capuchin monkeys, 
highlighting sociocognitive processes that may 
be important for cultural transmission to “ratchet.” 
The children responded to the apparatus as a 
social exercise, manipulating the box together, 
matching the actions of others, facilitating 
learning in others through verbal instruction and 
gesture, and engaging in repeated prosocial acts 
of spontaneous gifts of the rewards they them- 
selves retrieved. In contrast, the chimpanzees and 
capuchins appeared to interact with the apparatus 
solely as a means to procure resources for them- 
selves, in an entirely self-serving manner, largely 
independent of the performance of others, and 
exhibiting restricted learning that appeared pri- 
marily asocial in character. 

Our findings, based on confirmation of pre- 
dicted patterns of covariation both between and 
within species, constitute strong support for the 
view (2, 1/, 12) that cumulative culture requires 
a package of key psychological processes— 
specifically, teaching through verbal instruction, 
imitation, and prosocial tendencies—that are 
present in humans but are absent or impoverished 
in chimpanzees and capuchins. The claim that 
these sociocognitive processes, rather than other 
effects, were directly responsible for the pattern 
of cumulative cultural learning observed in the 
children is supported by the positive relationships 
found between the stage reached and the amount 
of teaching, verbal instruction, and prosocial acts 
received, as well as between the stage reached 
and the amount of observational learning that 
took place (Table 1). 

We reject as improbable the alternative 
causal hypotheses that performing well in the 
task caused elevated levels of the predictor var- 
iables or that some unspecified factor elevated 
both performance and the predictors. It is not 
clear why success in solving the task should 
cause children to imitate, be taught by, or re- 
ceive rewards from others, nor how an un- 
specified third variable might account for our 
within-species data. For instance, although it 
is possible that the relationship between im- 
itation and performance reflects the child’s 
cognitive ability, this explanation cannot account 
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for the relationships of both teaching and pro- 
sociality with performance, because in both 
cases the donor (of knowledge or reward) is a 
different individual from the learner. The most 
likely explanation is that aspects of human so- 
cial cognition are directly responsible for the 
cumulative culture capability. 

Human cultural traditions accumulate re- 
finements over time, thereby producing both 
technology and other cultural achievements 
of astonishing complexity and diversity unpre- 
cedented in the rest of nature. Although numerous 
hypotheses have been proposed for this phe- 
nomenon, the explanation has for many years re- 
mained elusive. Our experiment provides a clear 
answer to this conundrum, providing strong sup- 
port for the position advanced by Tomasello and 
colleagues (2, 1/, 12, 33) that “human social 
learners focus to a much greater degree than 
other nonhuman primates on the actual actions 
performed by others ...[and]... that uniquely hu- 
man forms of cooperation ... teaching and norms 
of conformity contribute to the cultural ratchet” 
[(/1), p. 2413]. These findings pave the way for 
an exciting avenue of research into when and 
why this particular “package” of other-regarding 
sociocognitive capacities evolved. 
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The Effects of Experience and 
Attrition for Novice High-School 
Science and Mathematics Teachers 


Gary T. Henry,?* C. Kevin Fortner,? Kevin C. Bastian? 


Because of the current high proportion of novice high-school teachers, many students’ mastery 
of science and mathematics depends on the effectiveness of early-career teachers. In this 

study, which used value-added models to analyze high-school teachers’ effectiveness in raising 
test scores on 1.05 million end-of-course exams, we found that the effectiveness of high-school 
science and mathematics teachers increased substantially with experience but exhibited 
diminishing rates of return by their fourth year; that teachers of algebra 1, algebra 2, biology, 
and physical science who continued to teach for at least 5 years were more effective as novice 
teachers than those who left the profession earlier; and that novice teachers of physics, chemistry, 
physical science, geometry, and biology exhibited steeper growth in effectiveness than did 
novice non-science, technology, engineering, and mathematics teachers. 


market has dramatically changed in response 

to more employment opportunities for wom- 
en, increased demand for teachers, and policies 
opening new pathways into the profession (/). 
For instance, the modal value of experience for 
U.S. teachers dropped from 15 years in 1987— 
1988 to 1 year in 2007—2008 (2). Additional- 
ly, turnover for beginning teachers is high: After 
just 5 years, nearly 50% of all novice teachers 
have exited the profession (3). This churn of be- 
ginning teachers in and out of public schools 
results in more students, particularly poor and/or 
ethnic minority students, being taught by novice 
teachers (4, 5), and that in turn leads to reduced 
student achievement (6—//). Investigating the 
consequences of these teacher labor market 
conditions for high-school students’ science and 
mathematics achievement—specifically, the ef- 
fects of experience and attrition among novice 


iE the past two decades, the teacher labor 
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teachers—will shed light on challenges facing 
education and career preparation in science and 
mathematics. 

We quantified the growth in effectiveness of 
high-school science and mathematics teachers 
and the effects of those teachers who exit public 
school classrooms. We analyzed effectiveness 
using scores on standardized tests given to high- 
school students in three mathematics courses and 
four science courses. We define teachers’ effec- 
tiveness in terms of the increases in their students’ 
test scores, adjusted for the prior achievement of 
the individual students and for other student, 
classroom, and school covariates. Prior research 
shows that the average effectiveness of novice 
teachers increases during their first 3 years and 
flattens thereafter (2—/4); and that after differ- 
ences in effectiveness that are attributable to ex- 
perience are removed, less effective teachers are 
more likely to exit the profession (/0, 15, 16). 
We extended this research to investigate teach- 
er effectiveness in specific high-school courses 
and addressed three questions: (i) To what ex- 
tent do novice high-school science and math- 
ematics teachers become more effective with 
additional experience? (ii) Are novice high-school 
science and mathematics teachers who exit pub- 
lic schools more or less effective than those who 
stay? [There is little published research on where 
teachers who exit public schools are subsequent- 
ly employed, but it suggests that leaving for 


higher-paying jobs in the private sector is rel- 
atively rare (/7).] (ili) Do the rates of change in 
effectiveness for high-school science and math- 
ematics teachers vary by course? 

Student outcomes are related to variations 
in many school-related factors, including leader- 
ship; an orderly environment; high student expec- 
tations; a focus on student outcomes; a positive 
school culture; parental involvement; and, most 
closely, to teachers’ effectiveness (/8, 19). Teach- 
ers are the most important school-related vari- 
able explaining variation in student achievement 
(12, 18, 20), and teacher experience positively 
affects student performance (6—//). Most gains 
in effectiveness occur in the first 3 years of 
teachers’ careers, with minimal increases there- 
after (73). 

It is likely that through teaching experience, 
trial and error, professional development, men- 
toring, and/or collaboration with fellow educa- 
tors, teachers learn rapidly during their first few 
years on the job. However, some of the average 
increases in effectiveness that have been attrib- 
uted to experience may be a statistical artifact 
caused by the exit of less effective early-career 
teachers, thereby overstating the year-to-year dif- 
ferences in the statistics related to experience. 
Recent research supports this second explana- 
tion, finding that exiting teachers are less ef- 
fective than comparable teachers who remain in 
the profession (10, 15, 16). Here we disentangle 
the effects of teacher development from differ- 
ential attrition among high-school teachers of 
science and mathematics courses. 

To assess the effectiveness and attrition of 
novice science and mathematics teachers, we de- 
veloped a data set from North Carolina contain- 
ing end-of-course test scores for seven science 
and mathematics courses—algebra 1, algebra 2, 
geometry, biology, chemistry, physical science, 
and physics—and three other courses—English 
1, U.S. history, and civics/economics—which we 
grouped together for the purposes of our analysis 
and label non-STEM (science, technology, engi- 
neering, and mathematics) courses. Our study 
sample included all teachers in tested subjects 
with less than 5 years of experience employed 
in any regular North Carolina public high school 
from 2005-2006 through 2009-2010. The most 
crucial feature of the data set is that students and 
teachers were linked on the basis of actual class- 
room rosters, which allowed us to match approx- 
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imately 93% of high-school teachers to students 
in their courses; to construct student, teacher, and 
classroom covariates; and to account for stu- 
dents who had multiple teachers for any course. 
In total, the sample included 1.05 million test 
scores, 624,842 unique students, and 7961 unique 
teachers with less than 5 years of experience. 

The outcome variable analyzed was the stu- 
dents’ score on a standardized exam: the North 
Carolina End-of-Course Tests. These exams are 
designed to test students’ knowledge and skills 
based on the North Carolina Standard Course of 
Study objectives for each course, which follow 
the frameworks of the National Assessment of 
Educational Progress and recommendations from 
national standard-setting groups (2/, 22). The 
items on these tests covered a range of cognitive 
skills, from remembering to analyzing and eval- 
uating; included four potential response options; 
and were designed to cover a range of difficulty 
from easy (25%) to medium (50%) to hard (25%). 
Multiple versions of each test with different 
items reduce teachers’ ability to predict the items, 
while providing equivalent scores across differ- 
ent versions. For example, there were 12 versions 
of the chemistry test, each of which included 92 
unique items, meaning that a total of 1104 items 
were in use during the study period (2/). To re- 
move any year-to-year differences in test scores 
and to estimate effects in standard deviation units 
(SDUs), we standardized all tests within course 
and year by centering observations on the mean 
and dividing by the standard deviation. 

To assess the development and attrition of 
novice science and mathematics teachers, we 
estimated two sets of subject-specific models, in 
which focal development variables were four 
dichotomous experience indicators coded 1 for 
teachers with the designated experience level (1, 


Table 1. Covariates used in analyses. 


2, 3, or 4 years, respectively) and 0 for teachers 
with other experience levels (comparisons were 
to teachers with 0 prior years of experience). 
The two sets of models included different focal 
variables to measure the impact of teacher attri- 
tion and separate its effect from teacher devel- 
opment. Based on certified salary files supplied 
by the North Carolina Department of Public In- 
struction, the focal variable in model 1, labeled 
“leaves within 5 years,” was coded 1 for teach- 
ers who leave North Carolina public schools be- 
fore beginning a sixth year of service and 0 for 
all others; the focal variable in model 2, labeled 
“Jast year,” was coded 1 for teachers in a given 
year who will not be paid as teachers in the fol- 
lowing school year and 0 for all others. In mod- 
el 1, the coefficient on “leaves within 5 years” 
provided an estimate of the overall average ef- 
fectiveness of exiting teachers, while netting out 
the effects of attrition [see eq. 1 in the support- 
ing online material (SOM)]. In model 2, the co- 
efficient on the “last year” indicator estimated 
the average effectiveness of novice teachers in 
their final year, while removing the effect of 
teachers who will leave at the end of the year 
(which is commonly known as the marginal rate 
of return to experience). In addition, model 2 
included interaction terms between experience 
and “last year’ to allow the average effective- 
ness of departing teachers to vary based on the 
year of exit (see eq. 2 in the SOM). 

To estimate differences in the rates of change 
of teachers’ effectiveness by course, we combined 
all courses in a third model and substituted a con- 
tinuous measure of experience and its squared 
term into the value-added models. In model 3, 
we interacted both experience measures with 
course indicator variables to compare slopes and 
rates of change by subject (see eq. 3 in the SOM). 


REPORTS 


Results from this model compare the average re- 
turns to experience for novice science and math- 
ematics teachers to those of novice teachers in 
non-STEM courses. All model specifications use 
value-added models with student, classroom, and 
school covariates, including students’ prior test 
scores (Table 1). 

We find (Table 2) that teachers of all four 
science subjects experience gains of at least 0.11 
SDU (‘2nd Year Teachers”) between their first 
and second year of teaching, as compared to lesser 
gains of 0.06 to 0.09 SDU for all three mathe- 
matics courses and non-STEM courses. Second- 
year physics teachers post the largest gains of 
0.38, with chemistry, physical science, and biol- 
ogy teachers posting gains of 0.17, 0.16, and 
0.12 SDU, respectively. For all teachers, returns 
to experience diminish rapidly. The effectiveness 
of novice algebra 2, geometry, biology, and chem- 
istry teachers peaks in their fourth year, whereas 
algebra 1, physics, and non-STEM teachers con- 
tinue to increase in effectiveness through their 
fifth and final year that is included in this data 
set. In the middle panels of Table 2, the coeffi- 
cients on the experience variables quantify the 
marginal rates of return to experience, separat- 
ing out the effects of teachers who leave the 
next year, which are either larger or smaller 
than the coefficients on experience in model 1, 
depending on the effectiveness of teachers who 
exited. 

Comparing average effectiveness, novice teach- 
ers who will remain teaching beyond 5 years are 
more effective in four of seven science and math- 
ematics courses than teachers who will leave 
before completing 5 years (Table 2). In courses 
where differences are significant, the average dif- 
ference in effectiveness for teachers who exit with- 
in 5 years ranges from —0.102 for physical science 


Classroom Covariates 


School Covariates 


Student Covariates 

1) Prior test scores (mathematics and 
reading) 

2) Classmates’ prior test scores 

3) Days absent 

4) Structural mobility 

5) Within year mobility 

6) Other between year mobility 

7) Race/ethnicity 

8) Gender 

9) Poverty status 

10) Gifted 

11) Disability 

12) Currently limited English 
proficient 

13) Was limited English proficient 

14) Overage for grade 

15) Underage for grade 

16) Model 3 only: High school EOC 
exam (non-STEM courses as the 
reference group) 


1) Class size 1) 


2) Heterogeneity of prior 2) 

achievement within the class 3) 

3) Advanced curriculum 4) 

4) Remedial curriculum 5) 
5) Teacher out-of-field status 

6) 

7) 


School size 

School size squared 

Violent acts per 1,000 students 
Total per-pupil expenditures 
Average district teacher 
supplement 

Racial/ethnic composition 
Concentration of poverty 
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Table 2. Average effectiveness of novice teachers who stay and who exit by course (focal variables only). All results are in comparison to first-year 
teachers who stay in North Carolina public schools for at least a second year. *, **, and *** indicate significance at the P < 0.05, P < 0.01, and P < 0.001 


levels, respectively. 


Focal Variables Algebra 1 Algebra 2 Geometry Biology Chemistry | Physical Science] | Physics Non-STEM 
2™ Year Teachers | 0.056*** 0.058* 0.091*** 0.115*** 0.168** 0.158*** 0.378*** 0.058*** 
3" Year Teachers | (.066*** 0.082** 0.125*** 0.114*** 0.197*** 0.159*** 0.311*** 0.081*** 
4" Year Teachers | 0.067*** 0.098*** 0.160*** 0.122*** 0.242*** 0.156*** 0.321*** 0.084*** 
5" Year Teachers | 0.084*** 0.091** 0.142*** 0.105*** 0.236*** 0.114** 0.393*** 0.089*** 
Leaves within 5 Years |-0.071*** -0.074** 0.018 -0.036 * -0.013 -0.102** 0.068 -0.013 
2™ Year Teachers | 0.050*** 0.045 0.076*** 0.104*** 0.129* 0.101** 0.276** 0.051*** 
3 Year Teachers | 0.061*** 0.083** 0.129*** 0.106*** 0.159** 0.145*** 0.343*** 0.079*** 
4" Year Teachers | (.075*** 0.104*** 0.133*** 0.128*** 0.233*** 0.138** 0.306*** 0.085*** 
5" Year Teachers | 0.092*** 0.102** 0.137*** 0.110*** 0.204*** 0.108** 0.370*** 0.089*** 
Last Year |-0.079* -0.133** -0.074* -0.045 -0.192 -0.237*** 0.007 -0.052** 
2" Year* Last Year | 0.029 0.123 0.125* 0.049 0.248 0.270** 0.270 0.066* 
3 Year* Last Year | 0.050 0.016 -0.006 0.048 0.275 0.096 -0.132 0.025 
4" Year* Last Year |-0.063 0.018 0.206*** -0.030 -0.131 0.141 0.063 -0.001 
5" Year* Last Year |-0.017 -0.017 -0.046 -0.024 0.393 0.041 -0.097 0.010 
Cases 163,621 17,999 93,715 125,643 30,452 58,863 4,878 494,970 
1“ Year Teachers 882 316 364 455 146 293 58) 1,479 
2nd Year Teachers 848 324 378 507 199 311 60 1,653 
3rd Year Teachers 666 268 305 426 155 260 47 1,492 
4th Year Teachers 596 212) 243 Boi, 137 228 49 1,316 
5th Year Teachers 496 208 220 297 128 195 46 1,138 
Will Leave 470 184 195 366 116 239 51 904 


to —0.036 for biology when compared to teach- 
ers with the same level of experience who stay. 
Exiting geometry, chemistry, and physics teach- 
ers are neither more nor less effective than those 
who stay. 

In the middle panels of Table 2, we examine 
the effectiveness of exiting teachers in their final 
year of teaching (“last year’). Teachers in four 
science and mathematics courses—algebra 1, al- 
gebra 2, geometry, and physical science—and the 
non-STEM courses who leave the profession within 
5 years are less effective in their last year on the job. 

For non-STEM courses, novice teachers ex- 
hibit a positive slope and diminishing returns to 
experience (Table 3). Novice algebra 1 and alge- 
bra 2 teachers exhibit patterns similar to those of 
non-STEM teachers. Novice biology and physical 
science teachers exhibit higher rates of growth, 
but also rates of return to experience that dampen 
more quickly than those of non-STEM teachers. 
Finally, novice geometry, chemistry, and physics 
teachers show steeper slopes but diminishing re- 
turns to experience similar to those of non-STEM 
teachers. 

Figure 1 shows the average effectiveness of 
teachers in each of their first 5 years in the pro- 
fession, by subject, to allow effectiveness trajec- 
tories to be directly compared. On average, novice 
teachers’ trajectories plateau or fall by their fifth 
year. Furthermore, the order of the lines indicates 
the consequences of the loss of experienced sci- 
ence and mathematics teachers when they are 
replaced by first-year teachers. These conse- 


Table 3. Returns to experience for novice high-school teachers by course. *, **, and *** indicate 
significance at the P < 0.05, P < 0.01, and P < 0.001 levels, respectively. 


Main Effects Coefficient 

Teaching Experience 0.0527*** 
Teaching Experience Squared -0.0085*** 

Interaction Effects Coefficient 
Physics x Teaching Experience 0.1820* 
Physics x Teaching Experience Squared -0.0286 
Chemistry x Teaching Experience 0.1026* 
Chemistry x Teaching Experience Squared -0.0135 
Physical Science x Teaching Experience 0.0860** 
Physical Science x Teaching Experience Squared -0.0184** 
Geometry x Teaching Experience 0.0549** 
Geometry x Teaching Experience Squared -0.0083 
Biology x Teaching Experience 0.0357* 
Biology x Teaching Experience Squared -0.0094* 
Algebra 2 x Teaching Experience 0.0306 
Algebra 2 x Teaching Experience Squared -0.0028 
Algebra 1 x Teaching Experience -0.0060 
Algebra 1 x Teaching Experience Squared 0.0023 


quences, in terms of student achievement, are 
most sizable for physics and chemistry, rep- 
resenting losses of approximately 0.25 to 0.4 
SDU, on average; then physical science, geom- 
etry, and algebra 2, representing losses between 
0.1 and 0.2 SDU, on average; and finally, al- 


gebra 1, biology, and non-STEM, representing 
losses of less than 0.1 SDU, on average. 
Overall, novice teachers of high-school sci- 
ence and mathematics exhibit significant returns 
to experience early in their careers that diminish 
after 4 years of teaching. This indicates that (i) 
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Fig. 1. Average effectiveness of novice high-school teachers. 


beginning teachers have a tremendous capacity 
for improving quickly, and (ii) students of be- 
ginning teachers will not achieve at the same 
levels as students with more experienced teach- 
ers. Our results show that increased reliance on 
novice teachers leads to lower average teacher 
effectiveness. In light of current teacher labor mar- 
ket conditions, key questions include the follow- 
ing: (i) How to get more effective science and 
mathematics teachers into high-school classrooms? 
(ii) Can science and mathematics teachers be 
better prepared through more preservice experi- 
ence in classrooms, increased focus on instruc- 
tional skills, and deeper knowledge of content by 
the time they begin teaching? 

Different high-school subjects show differ- 
ent impacts of teacher turnover. For courses with 
steeper effectiveness growth curves—physics, 
chemistry, and geometry—the loss of these ex- 
perienced teachers has the greatest consequences 
for student performance. For courses with less 
steep growth curves—algebra 1, algebra 2, biol- 


ogy, and physical science—the loss of more ex- 
perienced teachers has less severe consequences. 
But both cases call for recruiting more able, mo- 
tivated, and committed teachers. Could these 
teachers be better screened by evaluating their 
academic performance, persistence, ability to en- 
gage audiences, and projected commitment to 
teaching, specifically teaching STEM courses 
to high-school students? Would incentives, such 
as higher salaries, assignment to fewer courses per 
year, or paid opportunities for research with uni- 
versity faculty during summers or semester leaves, 
help retain more of the experienced teachers? 

The current churn of the teacher labor market 
is working against higher student achievement 
in STEM courses. Although most current educa- 
tion policies that affect teachers do not distinguish 
between teachers of different types of courses, 
our results strongly suggest that distinctions be- 
tween STEM and non-STEM teachers, and even 
among STEM teachers who teach different courses, 
may be warranted. 
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The innovative Muse Cell Analyzer system can be used for real-time quantitative assess- 
ment of cell concentration, cell health, apoptosis, and cell cycle with greater accuracy and pre- 
cision than manual hemocytometry or image-based automated analysis. By providing real- 
time, multidimensional information on cell populations, the Muse cell analyzer enables faster, 
more accurate decision-making, more productive workflows, and greater insight into cell health. 
The Muse system delivers high performance cell analysis using miniaturized fluorescent detection 
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based fluorescence detection of each cell event can evaluate up to three cellular parameters. As a 
result, Muse provides accurate quantitative results compared to imaging-based systems, which only 
examine up to two parameters, are time-consuming, and ultimately provide less quantitative data. 
The system is capable of analyzing both suspension and adherent cells from 2 to 60 um in diameter. 
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new tool for assessing the risk of human exposure to endocrine-ac- 
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and androgen receptor activity in human cell lines. Each cartridge 
includes all the cell lines, reagents, assay protocols, growth media, 
plasticware, analysis, and data-reporting capabilities to profile com- 
pounds for endocrine activity with high sensitivity and specificity. 
EPP cartridges, coupled to the ToxInsight CHPS platform, offer a 
high throughput, quantitative prescreen for primary toxicology as- 
sessment, as well as a selection of chemicals for follow-up animal 
studies, in a simple mix-and-read format that is easily standardized. 
This automated, benchtop platform is easy-to-use and provides 
physiologically relevant toxicity assays in vitro, reducing the reliance 
on late-stage histopathology or animal studies. The ToxInsight CHPS 
platform not only profiles compounds for their toxicity risk, but also 
determines the mechanism of action of any toxicity detected. 
Thermo Fisher Scientific 

For info: 800-432-4091 | www.thermoscientfic.com 


IMAGE DATA STORAGE AND ANALYSIS 

Researchers in the areas of cancer and stem cells, predictive toxic- 
ity, neuroscience, and developmental biology can benefit from the 
improved capabilities of the updated Columbus 2.3 Image Data Stor- 
age and Analysis System, which are intended to enable faster and 
more powerful high content analysis-based research applications. 
The Columbus 2.3 platform now enables scientists to perform their 
high content analysis on one powerful platform, from image analy- 
sis through to secondary analysis, regardless of which high content 
screening (HCS) instrument they have. The secondary analysis ca- 
pabilities can enable scientists to select small interfering RNA (siR- 
NA) or compounds with desirable inhibition or activation effects, by 
proving the statistical significance of the observations made at the 
image analysis stage of a HCS campaign. Multiple plates or batches 
are analyzed, filtering out anomalies, and identifying trends. The 
software’s improved morphology analysis capability is designed to 
give scientists a more complete understanding of the effects different 


treatments have on cell samples. 
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MICROBIAL COLONY PICKERS 

The QPix 400 series, the next generation of microbial colony pickers, 
offers unmatched performance and productivity enabling scientists 
to manage large, diverse populations, including 98% efficiency in 
colony picking, far surpassing the industry standard. The QPix 400 
series features the unique option to simultaneously detect colonies 
and quantify fluorescent markers. This prescreening step enables the 
colonies of interest to be objectively identified and selected. Together 
with highly accurate robotics and organism-specific colony picking 
pins, scientists can ensure that the right colony is picked every time, 
thus eliminating unnecessary work and expense downstream. An 
agar height sensor further increases accuracy at the picking stage. 
Application-driven software includes tools to easily track sample his- 
tories throughout a workflow. Applications include areas such as pro- 
tein expression, biofuel research, enzyme evolution, phage display, 
DNA sequencing, and library generation and management. 
Molecular Devices 
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APOPTOTIC BODY DNA ANALYSIS 

The D-Pop Kit simplifies the capture of DNA-containing particles 
from cell-free biological samples such as blood serum and plasma, 
urine, and eukaryotic cell culture media as well as the extraction of 
DNA from the captured particles. Using the D-Pop Kit, apoptotic bod- 
ies and potentially other large particles are captured from biological 
fluids in minutes by passing them through a filter in a syringe format. 
The filter is then removed to a microfuge tube and the DNA is ex- 
tracted from it using a rapid solid-phase extraction of DNA with non- 
organic reagents. The D-Pop Kit also includes control polymerase 
chain reaction primers for the hTERT gene to verify concentration 
and recovery of DNA from the sample. 
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Toxicology 


Animal-Free 
Toxicology 


Sometimes, in Vitro is Better 


The next time you use shampoo, air freshener, or moisturizing cream, 
consider this: How do you know it’s safe? In all likelihood, whatever 
toxicologic screening its component ingredients were subjected to involved 


laboratory animals, the method of choice for decades and the industry’s 
reigning “gold standard.” Yet as Bob Dylan once put it, the times, they are 
a-changing. Animal-based testing is expensive and time-consuming, morally 


One key player in 


the modernization of 


and ethically troubling, and most significantly, often a poor predictor of 


human toxicity. Animals aren’t going anywhere just yet. But their numbers 
are dropping. Driven both by legislative mandate and scientific need, a new 
suite of in vitro and cell culture-based animal-free methods are gaining a 


foothold in toxicology labs. By Jeffrey M. Perkel 


n 2010, as oil gushed from the broken wellhead beneath 
the stricken Deepwater Horizon, the U.S. Environmental 
Protection Agency (EPA) struggled to assess the safety of 
the chemical dispersants being used to treat that oil. 

Eight commercial dispersants and 23 reference compounds 
were put through the analytical ringer, being probed for their cy- 
totoxicity and activity on some 73 transcription factors, and—be- 
cause one component of several of these dispersants was nonyl- 
phenol ethoxylate, a known “endocrine disruptor”—for their abil- 
ity to activate estrogen and/or androgen-responsive pathways. 

The take-home message from this analysis was that the com- 
pound then in use, Corexit 9500 appeared relatively safe, at least 
regarding endocrine activity. 

But perhaps the bigger take-home message concerns how 
those data were collected. Rather than laboratory animals, the 
traditional go-to method of toxicity testing, the research team 
used a high throughput cell culture-based approach, finishing 
their analysis in about two weeks. 

These days, an ever-increasing number of researchers, gov- 
ernment agencies, and commercial entities have adopted a simi- 
lar strategy. Partly, that’s due to ethical considerations. But there 
are others as well. 

For one thing, observes toxicologist Thomas Hartung, “We are 
not 70 kg rats.” But time, cost, and practicality also loom large. 
Some 55,000 chemicals or more were grandfathered in when the 
U.S. Congress first passed the Toxic Substances Control Act in 
1976. About 100,000 chemicals are similarly situated in Europe. 
No toxicological data has ever been filed on most of those, a 
“knowledge gap” that represents the vast majority of compounds 
in use today. 

Filling that gap, at least with animals, is both financially and 
practically impossible. According to Robert Kavlock, director 
of the U.S. EPA National Center for Computational Toxicology 
(NCCT), “the capacity of the U.S. industry to test is probably 
in the hundreds of chemicals a year at best.” And it can cost 
a company upwards of $10 million and take five years to fully 
test just a single pesticide, at which point the EPA then needs 


toxicology screening 


is automation. 


af 


a million dollars or so to review those data and make a safety 
determination “If you extrapolate that to 80,000 chemicals, the 
math doesn’t work very well,” Kavlock says. 

But this huge backlog represents just one reason for pushing 
alternative methods. The European Union (EU) has for years 
been promoting a move away from animal-based testing in in- 
dustries such as cosmetics, with a testing ban on cosmetic prod- 
ucts and ingredients being implemented in stages since 2004. 
And where Europe goes, so goes the world, because U.S.-based 
companies that use animal testing, for instance, can no longer 
sell their cosmetics in Europe. But cosmetics testing represents 
only about 0.2 percent of the animals used for safety assessment 
testing in Europe, estimates Mathieu Vinken, of the Department 
of Toxicology at Vrije Universiteit Brussel. Another piece of 
European legislation, called REACH, covers the giant chemical 
backlog, suggesting that if animal-free alternative methods exist, 
they should be used there, as well. 

“European legislation at the moment is the pacemaker 
worldwide on some of the demands in regulatory testing,” 
says Hartung, the Doerenkamp-Zbinden Professor and Chair 
for evidence-based toxicology at Johns Hopkins University 
Bloomberg School of Public Health. 

The EU has, since 1986, invested some $300 million on the 
development and validation of alternative approaches, Hartung 
estimates. A new initiative, called Safety Evaluation Ultimately 
Replacing Animal Testing (SEURAT) dedicates another 50 mil- 
lion euro specially to investing animal-free methods to long-term 
toxicity endpoints. 

The United States has been slower to react, but a 2007 re- 
port by the National Research Council’s Committee 
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LIFE SCIENCE TECHNOLOGIES _ 


Toxicology 


“There’s only a certain 
number of critical 
infrastructures in the cell 
where you can harm the 
cell, and whatever we are 


using which is perturbing 
the physiology is somehow 
converging towards these 
critical infrastructures.” 


on Toxicity Testing and Assessment of Environmental Agents, 
called Toxicity Testing for the 21st Century: A Vision and a Strat- 
egy (http://scim.ag/zEJou2), says Hartung, “was really a game- 
changer.” Laying out the issues with animal-based testing, the 
report “suggested to [researchers that they] embrace new tech- 
nologies to overcome this problem.” 

Today, from automated screening platforms to the incorpora- 
tion of ’omics technologies, the toxicology world is doing just that. 


TOXICITY FORECASTING 

One key player in the modernization of toxicology screening is 
automation. For instance, the European Union Reference Labo- 
ratory for Alternative Methods to Animal Testing uses automated 
imaging on a Cellomics ArrayScan vTi platform and robotics in 
its work validating proposed animal-free testing methods. “Our 
aim is to challenge the assay with sets of reference chemicals/ 
substances which have been well characterized in terms of their 
toxicity and preferably [with respect to] their mode-of-action,” 
says Maurice Whelan, head of the systems toxicology unit at the 
European Commission Joint Research Centre, which oper- 
ates the lab. 

Using such a system and 96-well plates, Whelan says his team 
has been able to reduce the time required to test a complete 
set of 90-plus reference compounds from 18 months (performed 
manually) to about eight weeks. 

Automation plays an even bigger role at the EPA’s NCCT, 
which developed the Toxicity Forecaster (ToxCast) panel used in 
the oil dispersant study. 

According to Kavlock, the NCCT, formed in 2005, was “basi- 
cally given a blank wall’ regarding the creation of a “more effi- 
cient, more effective, and maybe more intelligent” way to assess 
chemical hazards. The team’s strategy was to borrow the tools 
of the pharmaceuticals industry, pushing tens of thousands of 
compounds through automated, high throughput platforms. 

In the first phase of ToxCast, the NCCT applied a battery of 
more than 500 tests to some 309 chemicals, using computation- 
al methods to develop what they call “predictive signatures” of 
some harmful biological action, which may then be used to infer 
the behavior of other chemicals. Three signatures have already 
been published, including one 36-assay signature of reproduc- 
tive toxicity in rats. 

Phase 2 of ToxCast, which currently is ongoing, extends this 
work to 1,061 chemicals (including pesticides, failed pharmaceu- 
ticals, industrial chemicals, and so on) and 700 tests. 
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According to Kaviock, those 700 assays represent some 10 
platforms, including cell-free assays (such as receptor-binding 
assays); reporter gene assays; and co-culture assays in which 
activation of one-cell type produces a response in the second— 
plus one zebrafish-based test. 

ToxCast’s first task, Kavlock says, is prioritizing chemicals for 
animal testing, specifically for endocrine toxicity. Currently, EPA 
is using the so-called Tier 1 Endocrine Disruptor Screening Bat- 
tery of 11 animal and in vitro tests for that purpose. But each 
chemical costs between half-a-million and a million dollars to run, 
Kavlock says, and the full battery takes about a year. The full 
ToxCast panel costs about $30,000 per compound, and EPA is 
testing another thousand compounds (in addition to the 1,000 
Phase 2 compounds) on a subset of 80 or so endocrine-focused 
ToxCast tests at a cost of about $4,000 apiece. 

“We'll have basically 2,000 chemicals we’ve tested through all 
of these different endocrine assays, and we'll be able to rank or- 
der those and provide that information to the EPA program office 
to say, these are the ones you ought to ask industry to look at 
first, because they look like chemicals that we know can cause 
endocrine effects.” 


TOWARDS A HUMAN TOXOME 

ToxCast is part of a broader federal program called Tox21, in 
which the EPA, the National Institutes of Health (NIH), and the 
U.S. Food and Drug Administration (FDA) are collaborating to 
rapidly put some 10,000 compounds (including the 1,000 Phase 
2 ToxCast compounds) through 30 assays in 1,536-well plates 
on a robotic platform at the NIH Chemical Genomics Center in 
Rockville, Maryland. The goal is to map the complete set of bio- 
chemical pathways implicated in toxicologic responses, so that 
more targeted assays of toxicity may be developed. 

Hartung calls those “pathways of toxicity” the “toxome” and is 
using a $6 million NIH Director’s Grant to help map them. His 
primary tools: transcriptomics and mass spectrometry-based 
metabolomics. 

Hartung’s team will use Agilent Technologies’ gene expres- 
sion microarrays and liquid chromatography-mass spectrometry 
to map the gene expression and metabolome changes that result 
from exposure of two human breast cancer cell lines to some 53 
pro-estrogenic agents, compounds like bisphenol A that activate 
estrogen-responsive pathways. They will use chemical inhibitors 
and RNAi to validate the identified pathways. 

Hartung says he expects to find no more than perhaps a few 
hundred such pathways that, when mapped, could form the 
foundation for a set of simple cell and in vitro assays that al- 
most any lab could run. “There’s only a certain number of criti- 
cal infrastructures in the cell where you can harm the cell,” he 
explains, “and whatever we are using which is perturbing 
the physiology is somehow converging towards these critical 
infrastructures.” 

Of course, his initial toxome efforts per se won't be able to map 
all those mechanisms—it focuses only on two cell lines and “a 
handful” of toxicants, he says. But by moving onto other cell sys- 
tems and inhibitor classes, Hartung can broaden his search. For 
instance, he was recently awarded another grant by the FDA to 
study mechanisms of developmental neurotoxicity. And he an- 
ticipates other researchers will join him, inputting data on still 
more pathways into their database through a kind of open wiki 
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system. “In a process which has some quality control as joint 
governance, but a process which is open, we hope more and 
more of these pathways will get into the system,” he says. 


ANIMAL-FREE INDUSTRY 

Industry, too, is moving away from animal testing. Proctor & 
Gamble (P&G), for instance, has been developing animal-free 
alternatives to toxicology testing for nearly 30 years, says Len 
Sauers, the company’s vice president for global sustainability. 

“The ethical and moral issue is a primary driver, but there are 
some real business drivers for wanting to get out of animal test- 
ing,” he says. Over the years, he says, P&G’s toxicologists — 
there currently are 150 on staff—have developed some 50 meth- 
ods and published nearly 1,000 papers on the subject. 

P&G employs a multi-tiered process for toxicology testing. The 
first step, says Sauers, is structure-activity relationship (SAR) 
analysis. 

To feed those SAR studies, the company has compiled a da- 
tabase of “every toxicity study that’s ever been run and is in the 
public literature,” says George Daston, a Victor Mills Society Re- 
search Fellow at P&G, including published papers, public domain 
EPA submissions, and so on. “That literally results in hundreds of 
thousands if not one million or so line item pieces of information 
on the toxicity of materials,” he says. 

That database allows the company to make intelligent predic- 
tions about possible toxicities, and to test them directly. For in- 
stance, Daston says, perhaps some new ingredient has a struc- 
tural fragment that previously has been associated with thyroid 
peroxidase inhibition. “We'll just set up an assay and evaluate 
the new chemical and see whether it does that.” 

Now, says Daston, the company has turned its sights on gene 
expression analysis, a technology P&G is “investing pretty heavily 
in.” In one recent study, the company’s researchers identified 
a 71-gene signature of uterine cell response by 17-alpha- 
ethynyl estradiol. “These results indicate that transcript profiling 
can serve as a viable tool to select reliable in vitro systems to 
evaluate potential estrogenic activities of target chemicals and to 
identify genes that are relevant for the estrogen response,” the 
authors wrote. 


REDUCE, REFINE, REPLACE 

For P&G, this emphasis of animal-free testing has reduced ani- 
mal testing dramatically, says Sauers. “Ninety-nine percent of 
our assessments today are done without animal testing.” 

As the toxome comes into focus and the platforms become 
more widespread, the broader research community can likewise 
reduce their animal usage. Several such assays are commer- 
cially available, including the MucilAir assay from Epithelix (a 
cell culture system that includes the three cell types found in 
airway epithelium) and Thermo Fisher Scientific’s ToxInsight 
Endocrine Profiler Panel (a fluorescence-based cell culture test 
for endocrine disruptors). 

Yet no matter how sophisticated the system, cell culture and 
in vitro assays—not to mention computer models—are just no 
match for live animals whose many organ systems and cell 
types can react differently to chemical agents. For instance, 
researchers cannot reliably predict a priori a chemical’s bio- 
availability and biodistribution as well as how it will be pro- 
cessed in the liver. “We’re very good with in vitro methods at 
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telling you, assuming a chemical reaches a cell, what happens,” 
says Whelan. “We’re not very good at saying how much of that 
chemical will be bioavailable in a certain tissue over time based 
on the exposure.” 

Some animal testing is thus inevitable, especially as pharma- 
ceuticals are not covered by the European testing bans. But 
that doesn’t mean there won’t be improvements. For decades, 
the mantra in the world of laboratory animals has been the 
so-called 3Rs, which encourages researchers to Reduce the 
number of animals they use, Refine the assays to reduce dis- 
tress, pain, and suffering, and ultimately, Replace animals with 
alternative methods. 

Europe’s cosmetics testing ban focuses just on one FR, says 
Vinken: replacement. But a more realistic approach to limiting 
animal testing would focus on all three, he explains. 

Take, for instance, the local lymph node assay (LLNA). The 
LLNA is a reduced and refined skin sensitization test that uses 
mice instead of guinea pigs and is based on the extent of stimu- 
lation of lymphocyte proliferation in regional lymph nodes drain- 
ing the site of application of the test substance. The major re- 
finement, Vinken says, is that the actual end stage of the sen- 
sitization process—erythema and edema—doesn’t occur in the 
experimental animal, reducing its distress. That is not the case 
for conventional animal-based skin sensitization tests. 

The U.S. regulatory body charged with validating animal-free 
alternatives, called ICCVAM, has to date approved 44 such 
methods. The equivalent European body has validated six more 
in such areas as eye irritation and reproductive toxicity. Yet one 
area for which no alternatives exist is long-term toxicity testing — 
mimicking, for instance, the allergic responses that might result 
from repeated, long-term exposure to a chemical. 

Researchers are on the case, but the bottom line, says Kav- 
lock, “is we’re a long way away from animal-free toxicology.” 


Jeffrey M. Perkel is a freelance science writer based in Pocatello, Idaho. 
DOI: 10.1126/science.opms.p1200062 
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New Products: Toxicology 


CELL ANALYZER 

The innovative Muse Cell Analyzer system can be used for real-time quantitative assess- 
ment of cell concentration, cell health, apoptosis, and cell cycle with greater accuracy and pre- 
cision than manual hemocytometry or image-based automated analysis. By providing real- 
time, multidimensional information on cell populations, the Muse cell analyzer enables faster, 
more accurate decision-making, more productive workflows, and greater insight into cell health. 
The Muse system delivers high performance cell analysis using miniaturized fluorescent detection 
and microcapillary technology, which occupy one-tenth the space of a typical cytometer. Laser- 
based fluorescence detection of each cell event can evaluate up to three cellular parameters. As a 
result, Muse provides accurate quantitative results compared to imaging-based systems, which only 
examine up to two parameters, are time-consuming, and ultimately provide less quantitative data. 
The system is capable of analyzing both suspension and adherent cells from 2 to 60 um in diameter. 
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EMD Millipore 


Intuitive software and simple touchscreen interface enable rapid setup and analysis. 


For info: 800-645-5476 | www.millipore.com 


ENDOCRINE-ACTIVE CHEMICALS TEST 

The ToxInsight Endocrine Profiler Panel (EPP) is a groundbreaking 
new tool for assessing the risk of human exposure to endocrine-ac- 
tive chemicals in the environment. EPP cartridges measure estrogen 
and androgen receptor activity in human cell lines. Each cartridge 
includes all the cell lines, reagents, assay protocols, growth media, 
plasticware, analysis, and data-reporting capabilities to profile com- 
pounds for endocrine activity with high sensitivity and specificity. 
EPP cartridges, coupled to the ToxInsight CHPS platform, offer a 
high throughput, quantitative prescreen for primary toxicology as- 
sessment, as well as a selection of chemicals for follow-up animal 
studies, in a simple mix-and-read format that is easily standardized. 
This automated, benchtop platform is easy-to-use and provides 
physiologically relevant toxicity assays in vitro, reducing the reliance 
on late-stage histopathology or animal studies. The ToxInsight CHPS 
platform not only profiles compounds for their toxicity risk, but also 
determines the mechanism of action of any toxicity detected. 
Thermo Fisher Scientific 

For info: 800-432-4091 | www.thermoscientfic.com 


IMAGE DATA STORAGE AND ANALYSIS 

Researchers in the areas of cancer and stem cells, predictive toxic- 
ity, neuroscience, and developmental biology can benefit from the 
improved capabilities of the updated Columbus 2.3 Image Data Stor- 
age and Analysis System, which are intended to enable faster and 
more powerful high content analysis-based research applications. 
The Columbus 2.3 platform now enables scientists to perform their 
high content analysis on one powerful platform, from image analy- 
sis through to secondary analysis, regardless of which high content 
screening (HCS) instrument they have. The secondary analysis ca- 
pabilities can enable scientists to select small interfering RNA (siR- 
NA) or compounds with desirable inhibition or activation effects, by 
proving the statistical significance of the observations made at the 
image analysis stage of a HCS campaign. Multiple plates or batches 
are analyzed, filtering out anomalies, and identifying trends. The 
software’s improved morphology analysis capability is designed to 
give scientists a more complete understanding of the effects different 


treatments have on cell samples. 
PerkinElmer 
For info: 800-762-4000 | www.perkinelmer.com 


MICROBIAL COLONY PICKERS 

The QPix 400 series, the next generation of microbial colony pickers, 
offers unmatched performance and productivity enabling scientists 
to manage large, diverse populations, including 98% efficiency in 
colony picking, far surpassing the industry standard. The QPix 400 
series features the unique option to simultaneously detect colonies 
and quantify fluorescent markers. This prescreening step enables the 
colonies of interest to be objectively identified and selected. Together 
with highly accurate robotics and organism-specific colony picking 
pins, scientists can ensure that the right colony is picked every time, 
thus eliminating unnecessary work and expense downstream. An 
agar height sensor further increases accuracy at the picking stage. 
Application-driven software includes tools to easily track sample his- 
tories throughout a workflow. Applications include areas such as pro- 
tein expression, biofuel research, enzyme evolution, phage display, 
DNA sequencing, and library generation and management. 
Molecular Devices 

For info: 800-635-5577 | www.moleculardevices.com 


APOPTOTIC BODY DNA ANALYSIS 

The D-Pop Kit simplifies the capture of DNA-containing particles 
from cell-free biological samples such as blood serum and plasma, 
urine, and eukaryotic cell culture media as well as the extraction of 
DNA from the captured particles. Using the D-Pop Kit, apoptotic bod- 
ies and potentially other large particles are captured from biological 
fluids in minutes by passing them through a filter in a syringe format. 
The filter is then removed to a microfuge tube and the DNA is ex- 
tracted from it using a rapid solid-phase extraction of DNA with non- 
organic reagents. The D-Pop Kit also includes control polymerase 
chain reaction primers for the hTERT gene to verify concentration 
and recovery of DNA from the sample. 

Bioo Scientific 

For info: 888-208-2246 | www.biooscientific.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 
featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or 
materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 
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Position Announcement 


do (March 2, 2012) 
Department of Microbiology, Immunology, and Pathology 


Universi Colorado State University 
TSICy Fort Collins, Colorado 
Tenure track faculty position: RNA Virology, Assistant or Associate Professor 


The Department of MIP (http://www.cvmbs.colostate.edu/mip/) is seeking to fill a tenure track 
position (Assistant or Associate Professor) in RNA Virology. The successful candidate will have an 
established record in research and scholarly activity with arboviruses or other zoonotic RNA viral 
pathogens. Special consideration will be given to candidates with research programs in viral immunol- 
ogy (innate and/or acquired), emerging RNA viruses and virus diseases, epidemiology and control of 
virus diseases, and/or RNA biology in the context of the host-virus interaction. 


The successful candidate will have multiple opportunities to collaborate and assume a leadership 
role in infectious disease programs at CSU, including the Arthropod-borne and Infectious Diseases 
Laboratory, the Infectious Disease Supercluster, the Rocky Mountain Regional Center of Excellence, 
the RM Regional Biocontainment Laboratory, and the Veterinary Teaching Hospital and Diagnostic 
Laboratory. S/he also will participate in the MIP undergraduate, graduate, and professional teaching 
programs as appropriate. The extraordinary research and teaching opportunities at CSU are enriched 
by the highly interactive and collaborative environment with world recognized infectious disease 
programs and scientists in CDC and USDA laboratories on and near campus. 


Candidates must have the PhD, DVM or MD degree and an established record of extramural funding 
and scholarly activity in RNA virology. Salary and start up package are negotiable. More informa- 
tion about the position is available at http://www.cvmbs.colostate.edu/ns/_docs/departments/mip/ 
mip_job_rna_virologist.pdf. 


Applications and nominations will be considered until the position is filled; however, to ensure full 
consideration applications should be submitted by April 15, 2012. Candidates should submit either 
electronically or by mail a letter of application, curriculum vitae, and the names, mailing addresses, 
and e-mail addresses of three references to: RNA Virologist Search Committee, c/o Andrea 
Guillory, Department of Microbiology, Immunology, and Pathology, 1619 Campus Delivery, 
Colorado State University, Fort Collins, CO 80523-1619; Andrea.Guillory@colostate.edu; 
970-491-7861. 


CSU is an EO/EA/AA Employer and conducts background checks on all final candidates. 


ASSISTANT, ASSOCIATE OR FULL PROFESSOR 
QUANTITATIVE BIOLOGIST 
Job Opening ID Number: 5367 


The Biology Department at City College of the City University of New York invites applications for a tenure-track or 
tenured position in Quantitative Biology at the level of Assistant, Associate, or Full Professor to begin Fall 2012. We 
seek an outstanding candidate performing cutting-edge research in landscape ecology, microbial ecology, 
evolutionary ecology, macroecology, or urban ecology. Candidates should have demonstrated research excellence 
and collaborative skills to interact with a vibrant, expanding Ecology, Evolution, and Behavior group. The candidate’s 
research program should strengthen the current departmental research in tropical ecology, biogeography, 
evolutionary ecology, and conservation biology. The successful candidate will be expected to teach in both 
undergraduate and doctoral program and work collaboratively within the City University of New York. For areas of 
departmental strengths, see www.sci.ccny.cuny.edu/biology. 


QUALIFICATIONS: Junior candidates should have a Ph.D., postdoctoral experience, and a strong record of 
publications; senior candidates should have a strong history of federal funding, research productivity, and teaching 
at the undergraduate and graduate level. 


COMPENSATION: Commensurate with qualifications and experience. Competitive start-up package available. 


HOW TO APPLY: If you are viewing this job posting in CUNYFirst, please click on "Apply Now" on the bottom of this 
page and follow the instructions. 


If you are viewing this job posting externally, please apply as follows: 
- Go to www.cuny.edu and click on "Employment" 
- Click "Search job listings" 
- Click on "More options to search for CUNY jobs"- Search by Job Opening ID number 
- Click on the "Apply Now" button and follow the instructions. 


To be considered for this position, you must include a curriculum vitae (CV), summary of past research 
accomplishments and future research plans, and a statement of teaching and mentoring experience in one 
document in any of the following formats: doc, docx, .pdf, .rtf, or text format. 


Letters of recommendation from at least three referees should be sent directly to the search committee at: 
Quantitative Biology Search Committee, Department of Biology, J526, The City College of New York, 160 
Convent Avenue, New York, NY 10031, biosearches@sci.ccny.cuny.edu, fax: 212- 650-8585. 


EQUAL EMPLOYMENT OPPORTUNITY: We are committed to enhancing our diverse 
academic community by actively encouraging people with disabilities, minorities, 


| 
veterans, and women to apply. We take pride in our pluralistic community and 
continue to seek excellence through diversity and inclusion. EO/AA Employer. C | TY C 0 LLEG E | S hy | 
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Assistant/Associate Professor of 
Idaho State Biomedical and Pharmaceutical Sciences 


Boise/Meridian, Idaho 


The Department of Biomedical and Pharmaceutical Sciences of the Idaho 
State University College of Pharmacy invites applications for a tenure-track 
faculty position at the rank of Assistant or Associate Professor. The success- 
ful candidate will possess contemporary and competitive research expertise 
in any area of the biomedical and pharmaceutical sciences. However prefer- 
ence may be given to candidates with training and experience in proteomics 
or the ability to merge medicinal chemistry with other life sciences disci- 
plines leading to structure-guided drug design. He or she must have a Ph.D. 
or equivalent degree and a rigorous postdoctoral experience leading to pub- 
lications in top tier journals. The scholar chosen will participate in pharma- 
cy (Pharm.D.) and graduate (M.S. and Ph.D.) education. A pharmacy 
degree, graduate or postdoctoral training in a college of pharmacy, or previ- 
ous faculty rank in a college of pharmacy would be viewed most favorably. 
Applications for the rank of Associate Professor will be considered from 
individuals with funded research programs, evidence of academic leader- 
ship, publications in high impact journals, demonstrated excellence in 
eaching, and a history of some interdisciplinary collaboration. The ISU 
College of Pharmacy is located on both the ISU campus in Pocatello and in 
the Skaggs Pharmacy Complex in Meridian, Idaho, a municipality adjacent 
o Boise. This position will be located in Meridian. 


Application Process: For full consideration, please apply through the Idaho 
State University Human Resources website (www.isujobs.net) and submit the 
ollowing items: a cover letter; full curriculum vitae; list of three 

references; a summary of research and any teaching experience; 

and a statement of research plans not exceeding three pages. 

riority consideration will be given to those applicants who 

apply by 6/30/2012. Review of applications will begin upon 

receipt; search will continue until position is filled. 


ISU is an equal opportunity/affirmative action employer. We have an 
institution-wide commitment to inclusion and diversity and encourage all 
qualified individuals to apply. Veterans! preference. 

Upon request, reasonable accommodations in the application process will be 
provided to individuals with disabilities. 


Director 


Apred okc sna | acer ge 
The University of Maryland Center for Environmental Science (UMCES) seeks 
a dynamic leader to serve as Director of the Appalachian Laboratory (AL) at the 
Associate or Full Professor level. Located in Frostburg, Maryland, AL is one of 
four UMCES laboratories, and is dedicated to advancing research in terrestrial 
and freshwater systems. With a focus on interdisciplinary research across the 
mountains-to-the-sea continuum, UMCES advances science and science educa- 
tion to transform the way society understands and manages the environment. 
The Director is expected to maintain a vigorous, extramurally funded research 
program; provide leadership of the laboratory’s academic and research activities; 
and effectively execute administrative responsibilities, including oversight of 
personnel, physical and fiscal resources. 


The ideal candidate for this position is an outstanding and experienced inter- 
disciplinary researcher with demonstrated abilities to integrate research across 
scientific fields, including, for example: (1) interactions between human and 
natural systems across large spatial and temporal scales; (2) application of a 
genes-to-ecosystems perspective, addressing influences of genetic variation 
on population, community, and ecosystem processes and resilience to global 
change; and (3) interactions and feedbacks between terrestrial and coastal eco- 
systems. The successful candidate will exhibit potential for strong scientific 
leadership and must be prepared to lead the development, communication, and 
implementation of goals and strategic plans to advance AL’s mission. 


Excellent facilities for research, computing, and teaching are available at AL, 
including plant, soil, water, and molecular analysis laboratories with state-of-the- 
art analytical instrumentation, a new stable isotope facility, growth chambers, 
and a greenhouse. AL is located adjacent to Frostburg State University, and 
situated in the mountains of western Maryland within 2.5 hours from Balti- 
more, Washington D.C., and Pittsburgh. Applicants should send an electronic 
copy of a curriculum vitae; statement of research and leadership interests; 
selected reprints; and names and contact information of three references to 
dirsearch@al.umces.edu. Review of applications will begin on April 16, 2012 
and will continue until the position is filled. Information about AL and UMCES 
and this search can be found at: http://www.umces.edu/. 


UMCES is an Affirmative Action/Equal Opportunity Employer; 
women and minorities are strongly encouraged to apply. 
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IANYANG 


TECHNOLOGICAL 
UNIVERSITY 


Cheng Tsang Man Chair Professorship in Energy 


The Cheng Tsang Man Professorship was established in 1999 by the 
Nanyang Technological University to mark a historical milestone in the 
Prima Group’s philanthropic legacy. This is in line with the University’s 
vision to advance the knowledge creation and discovery in the vital areas of 
Science and Technology for sustainable energy as well as to address the 
global urgency in ensuring a sustainable future through energy security. 


This endowed position is open to all candidates worldwide who has 
interest to advance research efforts in sustainable energy. The candidate 
appointed will not only be a leader in his/her field but will also contribute 
to Singapore’s drive towards energy efficiency and sustainable energy 
solutions by devoting his/her tenure to provide intellectual leadership and 
mentoring of younger scientists. 


Join a dynamic team of faculty and world’s students at what is one of 
the fastest advancing universities. 


Applicant Profile: 

* Credentials meriting a Full Professorship appointment 

« An excellent publication record in any energy-related field 

« A demonstrated leadership skill and ability in securing major research 
grants from external funding agencies and industry 


We Provide: 

* A vibrant research environment with excellent R & D infrastructure and 
opportunities for research funding 

+ Well-equipped state-of-the-art laboratories, attractive research start-up 
grants, PhD student scholarships 

+ Competitive remuneration package and attractive benefits 


To Apply: 

Electronic submission of application should be submitted to the Dean, 
College of Engineering at d-coe@ntu.edu.sg. |t should consist of a cover 
letter, curriculum vitae, personal particulars form, teaching statement and 
evaluations, a statement of current and future research interest, selected 
publications and the names of at least 5 referees. For information on the 
submission guidelines, please refer to: http://www.ntu.edu.sg/ohr/ 
Career/SubmitApplications/Pages/Faculty.aspx 


Deadline: March 31, 2012 


University of Hawai'i at Manoa 
Department of Biology 
Marine Biologist 
Lie 

The Department of Biology at the University of Hawai‘i at Manoa seeks 
two tenure track faculty with expertise in the biology of marine organ- 
isms. Desirable specialties include marine conservation, coral reef ecol- 
ogy, and larval biology. The successful candidates will join a faculty with 
diverse research interests, a strong focus on evolutionary biology and 
native Hawaiian organisms, and will be expected to support our grow- 
ing undergraduate and graduate programs in Marine Biology. Teaching 
responsibilities will include an upper level undergraduate course and a 
graduate course in the individual’s specialty. Applicants must have a Ph.D. 
in biology or a related field, evidence of interest in teaching, evidence of 
research productivity and grantsmanship. Desirable qualifications include 
a developing record of publication, extramural funding, a minimum of 
two years of post-doctoral experience, and plans for a research program 
that would take advantage of the Hawaiian biota. Appointment will be at 
Assistant or Associate Professor level, depending on experience. Addi- 
tional details can be found under position no. 82434 and 83232 at: http: 
//workatuh.hawaii.edu. 


To apply, please send a single PDF document to mbfacsch@hawaii.edu 
that includes: a cover letter indicating your teaching and research interests 
and how you satisfy the minimum and desirable qualifications; a detailed 
curriculum vitae; three representative publications; and the names and 
contact information (including email address) for three professional refer- 
ences. Evidence of Ph.D. or other advanced degree must be provided. A 
hard copy of the complete application package should also be mailed to 
Chair, Marine Biology Search Committee, Department of Biology, Rm. 
2, Dean Hall, University of Hawai‘i, 2450 Campus Road, Honolulu, 
HI 96822. Review of applications will begin March 23, 2012 and will 
continue until the position is filled. 


The University of Hawai ‘i is an Equal Opportunity/Affirmative Action 
Institution and encourages applications from 
women and minority candidates. 


tut NATIONAL INSTITUTES OF HEALTH 


Deputy Director of the Division of Extramural Activities 


The National Institute of Allergy and Infectious Diseases (NIAID) is one of the largest Institutes of the world-renowned National Institutes 
of Health (NIH). With a budget approaching $4.5 billion annually, NIAID supports and conducts basic, applied, and clinical research to better 
understand, treat, and prevent infectious, immunologic, and allergic diseases. The Division of Extramural Activities (DEA) oversees grants, 
contracts, peer review, and extramural policy and information dissemination for NIAID. DEA also directly supports extramural research through 
research training and career development programs, small business research awards, and international extramural activities in the areas of 
allergy, immunology, transplantation, and infectious diseases. 


DEA seeks applications from exceptional candidates for the position of deputy director of DEA. 


The selected candidate will serve as deputy to the DEA director and fully share responsibility for managing DEA’s grants, contracts, 
peer review, and policy functions. In collaboration with the director, the deputy participates in the planning, administration, development, 
and evaluation of DEA’s research management programs and in directing, overseeing, and evaluating DEA’s ongoing activities through 
subordinate supervisors, project leaders, program specialists, and contract employees. The deputy also has full responsibility to manage the 
DEA units and staff responsible for coordination of training and career development programs, small business innovative research, and 
international extramural research policies. The deputy represents the division at NIAID, NIH, national, and international meetings and 
conferences; makes scientific policy presentations at scientific/medical meetings; and serves as a key advisor to the directors of DEA and 
NIAID. The chosen candidate must have the ability to encourage participation and partnering with public and private/commercial entities to 
transition basic research knowledge into the development of products that will improve human health in the United States and globally. 


Applicants must have an M.D., Ph.D., or equivalent degree, be a U.S. citizen, and exhibit a broad scientific management vision; an ability 
to lead staff; an outstanding ability to communicate with diverse audiences; flexibility in responding to multiple and rapidly emerging issues; 
and a demonstrated expertise in supervision and management of a broad and complex biomedical research program encompassing one 
or more of the following areas: biomedical research relevant to the NIAID mission, research training and career development, international 
research collaborations, or small business biotechnology research development. The chosen candidate will possess the supervisory, project 
management, interpersonal, and oral and written communication skills required to interact effectively with staff, representatives of academia, 
private industry, national and international research and health organizations, other units of NIH, the media, and the general public. 


Candidates must be familiar with both standard university grantee processes as well as private laboratory and small 
business organizations with regard to conduct and management of complex biomedical research projects and training 
programs. They must have a clear understanding of regulatory requirements pertaining to such things as use of animals, 
human subjects, infectious agents, and other biohazards. Familiarity with research program initiative development, 
clinical regulatory affairs, and intellectual property issues, either as an NIH grantee or program director, would be a plus. 


Salary is commensurate with experience, and a full package of benefits is available including retirement, health and 
life insurance, long term care insurance, leave, and savings plan (401K equivalent). Provide curriculum vitae, bibliography, 
and a three-page summary explaining 1) your vision of extramural research, 2) your reasons for being interested in the 
position, and 3) the specific leadership skills and experience you would bring to NIAID to Ms. Theresa D. Shrader, 
6700B Rockledge Drive, Room 2145, Bethesda, MD 20892-7610 (FedEx: Bethesda, MD 20817). The application review 
process will begin April 14, 2012. Direct inquiries to Ms. Shrader at 301-496-3795 or tm25k@nih.gov. 


To learn more about NIAID and how you can play a role in this exciting and dynamic research organization, 
visit us on the Web at www.niaid.nih.gov/careers/m. 
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National Institute of Allergy and Infectious Diseases 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 


online @sciencecareers.org 


Science Careers 


REGIONAL CENTRE FOR BIOTECHNOLOGY 


Bf imitirims of edecation, traamnng, 8 roueanct 


Pi iambic boy ths Kinet cad wdc crmmntng 


Ady. No. 2/2012 


Career Opportunities in Plant Biology and Agriculture 


sciences 


The Regional Centre for Biotechnology (RCB), a newly created 
institution in the National Capital Region (NCR) of Delhi, is 
looking for innovative faculty members working in the areas 
of plant biology such as plant-microbe interactions, genetic 
improvement of crops, molecular mechanism of abiotic stress 
responses, epigenomics, bioenergy, and other emerging areas 
linked with agriculture, climate science and environment, to 
develop novel research and teaching programmes in biotech 
science at the interface of multiple disciplines. RCB recognizes 
that expertise and innovation in these core domains is critical 
for the development of fresh perspectives in plant biology and 
agricultural sciences, and invites individuals with interdisciplinary 
profiles of the highest caliber and credibility to participate in this 
shared adventure to transform the biotech sciences. 


Interested Scientists may send their CVs to the Executive 
Director, Regional Centre for Biotechnology, 180, Udyog 
Vihar, Phase I, Gurgaon - 122016, Haryana, India and e-mail 
the same at office@rcb.res.in. More information about RCB as 
also the details regarding faculty recruitment can be found on the 


website http://www.rcb.res.in. 
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“ OXFO! 


Halley Professorship 
of Physics 


in association with Jesus College 
Start date: 1 October 2012 
or as soon as possible thereafter. 


The Halley Professorship of Physics was established 
in 1991 as an upgrade of the long-standing statutory Readership in 
Atmospheric Physics and was renamed the Halley Professorship in 2000. 
The post has a history stretching back continuously to G. M. B. Dobson 
(discoverer of the Earth’s ozone layer) in the 1920s. The person appointed 
will be an exceptional physicist with an international reputation in one or 
more areas of atmospheric, oceanic, climate and planetary physics and an 
outstanding research and publication record. He/she will exercise 
leadership in research and teaching, will be keen to interact with members 
of Atmospheric, Oceanic and Planetary Physics (AOPP) and other groups 
within the Department and the University, and will play a strategic role in 
advancing further the research portfolio of AOPP in Oxford. AOPP at 
Oxford has grown significantly in recent years and has consolidated its 
reputation in a range of research areas, including atmospheric and 
oceanic observations of the Earth and other solar system planets; remote 
sensing instrumentation and data analysis; numerical modelling of the 
Earth’s climate system and of the climate of other planets; physical 
oceanography, climate dynamics and geophysical fluid dynamics. 


Please see the further particulars at 
http://www.ox.ac.uk/about_the_university/jobs/fp/ for more details 
about the post and for full instructions before making an application. 
Applications, including a covering letter and full CV, and naming 

three referees should be received no later than 30 April 2012 by 

Dr Gwen Booth, Personnel Officer, Senior Appointments at 
professorships@admin.ox.ac.uk If you have a query about how to apply, 
please contact Mrs Elaine Eastgate at professorships@admin.ox.ac.uk 
or telephone: +44 (0) 1865 280189. 


Applications are particularly welcome from women and black and minority 
ethnic candidates, who are under-represented in academic posts in Oxford. 


Committed to equality and valuing diversity 


a1 www.ox.ac.uk/jobs 
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Gastrointestinal Immunologist 


The Department of Medicine at Georgetown 
University seeks an outstanding MD, PhD 
or MD/PhD at the Assistant or Associate 
Professor rank. The ideal candidate will be 
a clinician and/or laboratory scientist with 
a strong interest in translational research in 
gastroenterology especially with a focus on 
immunological disorders such as inflamma- 
tory bowel disease. The candidate will have a 
successful program of research demonstrated 
by their publication record and participation 
as PI or co-I on peer-reviewed extramurally 
funded research. The candidate will establish 
and lead a translational immunology program 
that integrates with clinical and basic science 
investigators within the university community 
and benefits from the Georgetown - Howard 
Universities Center for Clinical and Trans- 
lational Science. Nearby federal institutions 
including the NIH, FDA and VA serve to 
enrich the academic environment while our 
location in the heart of the Nation’s capitol 
offers an unparalleled social, recreational 
and cultural lifestyle. Please send your cover 
letter and curriculum vitae by May 31, 2012 
to: Ms. Tolise Miles (Tel: 202.687.7380; E- 
mail: tem9@georgetown.edu). 


Georgetown University is an Affirmative 
Action/Equal Opportunity Employer. 


Physician-Scientist 
Endocrinology 


The Division of Endocrinology at the University 
of Texas Medical School — Houston is seeking a 
Physician-Scientist to develop a program in 
translational metabolic research focused on 
diabetes and obesity. Research opportunities 
include cross appointment in the Brown Foundation 
Institute of Molecular Medicine, access to the 
resources of the CCTS, and interactions with all 
of the affiliated schools of the UT Health Science 
Center including the School of Public Health and 
Center on Aging. The applicant must be ABIM- 
certified in Endocrinology and demonstrate ability 
for independent research. The position is full time, 
tenure track, and will require approximately 20% 
clinical effort. 


Send CY, list of three references, and description 

of academic interests to Philip Orlander, MD, Division 

of Endocrinology, University of Texas Medical 

School, 6431 Fannin, MSB 5.104, Houston, Texas 

77030 or e-mail: Philip.R.Orlander@uth.tmc.edu. 
UTHealth | The University of Texas Health Science Center 

at Houston is an EO/AA employer, M/F/D/V. This is a 

security sensitive position and thereby subject to Texas 


Education Code 851.215. A background check will be 
required for the final candidate. 


UTHealth 


The University of Texas 
Health Science Center at Houston 


COURSE 


NEW INTERDISCIPLINARY SUMMER 
COURSE 
Biophysics and Computation 
in Neurons and Networks 
Directors: David W. Tank and 
Michael Berry, Princeton University 


Course Date: June 17 — July 14, 2012 
Application Deadline: April 1, 2012 
Application Forms: www.princeton.edu/ 
neuroscience/benn 


This new course, supported by the Burroughs 
Wellcome Fund, will introduce students with 
quantitative training in the physical sciences, 
mathematics or engineering to the concepts and 
research methodologies of modern neuroscience. 
Topics covered will range from cellular biophysics 
to systems neuroscience, including particularly 
imaging methods for the study of single neurons, 
networks of neurons and human brain dynamics 
during execution of behavioral computations. 
The course will be unique in its focus on neural 
dynamics at several scales of complexity — cells, 
circuits, intact brains — and the combination of 
didactic lectures and laboratory exercises, includ- 
ing cellular biophysics, synaptic interactions and 
plasticity in neuronal networks, and {MRI imag- 
ing of targeted brain regions in human subjects. 
The capstone of this course will be one-week 
student-designed research projects integrating 
concepts and methodologies encountered during 
the initial formal lectures and laboratory exercises. 
Course work will include morning lectures and 
tutorials and laboratory exercises selected to 
complement and extend the themes presented in 
morning lectures. 
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=) COLLEGE o« PHARMACY 


THE OR FEISTY OF TERS AT OALIS TOR 


FACULTY POSITION 
Division of Pharmacology and Toxicology 


The University of Texas at Austin College of Pharmacy invites applications 
for a tenure track position at the rank of Assistant Professor. 


Candidates should have a well-developed research program that applies cut- 
ting edge research approaches to understanding the cellular, molecular, and/or 
biochemical mechanisms to define host responses to environmental toxicants. 
Research areas of interest include, but are not limited to: critical developmental 
periods/endocrine/hormone disruption; mechanisms of environmental carcino- 
genesis; and diet, energy balance and environmental disease risk. This position 
will be part of the Center for Molecular and Cellular Toxicology (website: 
www.utexas.edu/pharmacy/cmct), an interdisciplinary center that fosters the 
training of undergraduate, graduate, and postdoctoral fellows in toxicology. 
The CMCT administers an NIEHS-supported pre- and post-doctoral toxicol- 
ogy training program, and faculty are also joint participants in an NIEHS 
Environmental Center Grant (website: http://cred.mdanderson.org/) with 
faculty at The University of Texas M.D. Anderson Cancer Center. 


A Ph.D. with at least two years of postdoctoral experience is required and 
preference will be given to individuals with a track record of independent 
research funding, including current grant funding, as well as Ph.D. training 
in toxicology or a relevant field. Instructional responsibilities in both the 
Pharm.D. and Ph.D educational programs is required. The deadline for receipt 
of applications is April 1, 2012 and the search will continue until the posi- 
tion is filled. The position carries an exceptional salary, benefits, and start-up 
package. Applicants should submit electronically a letter of intent addressed 
to Dr. John H Richburg, search committee chair and include a, curriculum 
vitae, research synopsis, and a list of five references This position is security- 
sensitive as defined by the Texas Education Code and the Texas Government 
Code. Applicants will be required to submit all transcripts to complete the 
interview process. Background check conducted on applicant selected. 


The University of Texas at Austin is an Affirmative Action/Equal Access/ 
Equal Opportunity Employer committed to diversity and excellence. 


W) UNIVERSITY of WASHINGTON 


Tenure Track Position in Synthetic Biology 


The Department of Bioengineering at the University of Washington (UW) 
invites applications for a tenure track position in the area of Synthetic 
Biology. Successful candidates will have a plan to apply synthetic biology 
to problems with direct relevance to human health. 


Applications are sought at all levels: Assistant, Associate and Full Professor, 
but those at the Assistant Professor level are particularly encouraged. Ph.D. 
or M.D. degrees are required. The successful candidate will be expected to 
develop an internationally recognized research program and to participate in 
the teaching and service missions of the department. Scientists and engineers 
who apply should show evidence of excellence, originality and productivity 
in research and potential for excellent teaching. In order to maximize the 
impact of this hire, successful candidates will be selected, in part, on the basis 
of their complementarity to existing UW faculty with expertise in synthetic 
biology, and to other synthetic biology faculty being hired in other depart- 
ments at this time (see http://synbio.washington.edu/). These candidates 
will be expected to attract strong support from one or more additional depart- 
ments within the UW and will be expected to follow UW’s strong tradition 
of collaboration across disciplinary boundaries. Candidates with interests in 
translational medicine are also encouraged to take advantage of our active 
Coulter Translational Research Partnership. 


Applications must be submitted electronically at https:// 
www.engr.washington.edu/facsearch/apply.phtml?pos_id=111. Applicant 
review will begin immediately and continue until the position is filled. All 
positions are contingent on the availability of funding. 


The University of Washington is a recipient of a National Science 
Foundation ADVANCE Institutional Transformation Award to increase 
the participation of women in academic science and engineering careers. 
UW faculty engage in teaching, research, and service. The University 
of Washington is building a culturally diverse faculty and strongly 
encourages applications from women and minority candidates. 

The University of Washington is an Affirmative Action, 

Equal Opportunity Employer. 


Core-Funded Group 
Leader Positions 


e Reference Number: PI/12/11 
¢ Competitive Salary 
e 2 vacancies 


Paterson 


Institute for Cancer Research 


The Paterson Institute for Cancer Research in Manchester is one of 
Europe’s premier cancer research centres. The Institute is core-funded 
by Cancer Research-UK, the largest independent cancer research organisation 
in the world. It provides a highly interactive and vibrant research environment, 
facilitated by access to a comprehensive range of world-class and state-of-the- 
art core research services. 


Its juxtaposition to The Christie, Europe’s largest specialist cancer hospital, 
ensures ample opportunities for interaction from the basic to clinical research 
spectrum and the translation of basic research findings into patient benefit. 
The Institute is also at the heart of the Manchester Cancer Research Centre 
(MCRC), an exciting development that integrates cancer research within 
Manchester (www.mcrc.manchester.ac.uk). 


We are seeking two outstanding individuals with demonstrated records 
of significant achievements and the ability to establish vigorous and 
ambitious independent research programmes in an area of cancer 
biology. The programme should complement and expand existing 
research strengths, which include molecular oncology, stem cells, 

cell signalling, cell cycle control and DNA damage responses. We are 
particularly interested in recruiting to posts focussed on our areas of 
priority, which currently include molecular pathology, lung cancer and 
women’s cancers. 


The positions come with generous start-up packages providing fully 
funded positions with running costs and substantial core research support. 
The successful applicant will manage a team of research scientists and 
laboratory technicians in their specific research area, and will be responsible 
for the professional development of their laboratory personnel. 


Senior Group Leader: 


Applicants to this position must have a PhD, a proven record in running 
an independent laboratory, normally including the ability to attract grant 
funding, and an excellent track record of publication in journals of 
excellence. Senior Group Leaders are reviewed by Cancer Research UK 
every five years. This position would be at Reader/Professorial level, and 
is non-time limited. The package includes: 


¢ Competitive personal salary 

e Up to four additional posts plus running expenses 

¢ Access to core-funded PhD students and clinical fellows 
e Generous package for equipment 


e High quality laboratory space for the group, with scope for expansion 
for additional staff secured by outside funding 


e Access to all core facilities 


Junior Group Leader: 


Applicants to this tenure track position will have a PhD plus relevant 
experience of post-doctoral training along with an excellent record of 
research including significant first author publications in high quality 
peer-reviewed journals. The position is at Lecturer/Senior Lecturer level, 
with review at five years for consideration for promotion to a Senior 
Group Leader position. The package includes: 


¢ Competitive personal salary 

¢ Three additional positions plus running expenses 

e Access to core-funded PhD students and clinical fellows 
e Generous package for equipment 


© High quality laboratory space for the group, with scope for expansion 
for additional staff secured by outside funding 


e Access to all core facilities 


Informal enquiries should be addressed to Prof Richard Marais, Director of 
the Institute, email: rmarais@picr.man.ac.uk and applications including a 
CV, names of three referees, a short summary of past research and future 
plans and an Equal Opportunities form should be sent to the HR Department 
— jobs@picr.man.ac.uk quoting the reference number above. 


Closing date: 30th March 2012 


www.paterson.man.ac.uk 


MANCHESTER. 
1824 


The University of Manchester 


online @sciencecareers.org 


Science Careers 


WOMEN IN SCIENCE 


online @sciencecareers.org 


forging new pathways 
in green science 


Read inspiring stories of women working 
in “Green Science” who are blending 
a unique combination of enthusiasm for 
science and concern for others 
to make the world a better place. 


Science Careers 


Download this free booklet 
ScienceCareers.org/LOrealWiS 


This booklet is brought to you by the 


AAAS/Science Business Office in partnership 


with the L’Oreal Foundation 
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a Department of Chemical Engineering’ 


Whitacre Chair in Soft Matter 


The Department of Chemical Engineering at Texas Tech University 
invites applications for a tenure track Associate professor position; 
other ranks will be considered, as appropriate. The position is 
supported with a $1 million endowment. Outstanding candidates with 
demonstrated excellence in soft matter, polymers, and/or colloids 
are encouraged to apply. Applicants should have a Ph.D. degree in 
Chemical Engineering or a closely related field. The department has a 
strong research portfolio with annual new funding of over $ 5 million 
in four focus areas: Polymers, Materials and Rheology; Bioengineering; 
Computational Methods in Chemical Engineering; and Process Control 
and Optimization. Successful candidates will be expected to develop 
a large and collaborative research program, to teach existing graduate 
and undergraduate courses in Chemical Engineering, and to develop 
new courses. The successful candidate should demonstrate a record of 
continuous funding. 


Applicants must apply at the TTU online job application web site at 
https://jobs.texastech.edu — use requisition number 85024. The 
application process requests the upload of a detailed CV, a statement of 
research and teaching interests, and the names and addresses of at least 
three references. Review of applications will begin on March 15, 2012, 
applications will be accepted until the position is filled. Candidates must 
be currently eligible to work in the United States. Further information 
can be obtained from the search committee chair, Prof. Sindee Simon, 
sindee.simon@ttu.edu. 


Texas Tech University is an Equal Opportunity/Affirmative Action 
Employer and actively seeks the candidacy of women and minorities. 


We oe Pee 


Whitacre Chair in 
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Bioengineering 


The Department of Chemical Engineering at Texas Tech University invites 
applications for a tenure-track Assistant/Associate Whitacre Chair Professor 
position in the field of bioengineering. The position is supported with a $1 
million endowment. Assistant/Associate professors with an outstanding record 
as demonstrated by funding history and scholarly publications in high impact 
journals are encouraged to apply. Applicants must have a Ph.D. degree in 
Chemical Engineering or a closely related field. Candidates with expertise 
in bioengineering research areas such as cellular engineering, engineering of 
living systems, synthetic biology, systems biology and biomedical engineering 
are encouraged to apply. In the year 2011, the chemical engineering department 
at TTU had over $5 million research expenditures in the following four 
focus areas: Bioengineering and Biotechnology; Computational Methods 
in Chemical Engineering; Polymers, Materials Science, and Rheology and 
Process Systems Engineering. The research environment at Texas Tech 
features opportunities to collaborate with other engineering and_ basic 
science disciplines, and a $37 million state of the art Experimental Sciences 
Building (ESB) for interdisciplinary research that houses core facilities for 
Biotechnology and Genomics, Advanced Imaging including Neuroimaging, as 
well as Plant Growth Chambers, and Animal Care Facility and the International 
Center for Food Industry Excellence. The TTU Health Sciences Center (HSC) 
that is adjacent to the TTU general academic campus as well as HSC campuses 
in El Paso, Abilene and Amarillo, likewise offer collaborative opportunities for 
biomedical research in areas such as cancer biology, pharmacology and aging. 
Successful candidates will be expected to run an externally funded research 
program, teach existing graduate and undergraduate courses in chemical 
engineering, and develop new courses. Applicants must apply at the TTU 
online job application web site at https://jobs.texastech.edu - use requisition 
number 85025. The application process requires uploading a detailed CV, a 
statement of research and teaching interests, and the names and addresses of 
at least three references. Further information can be obtained by contacting the 
search committee chair, Dr. Rajesh Khare at rajesh.khare@ttu.edu. Review 
of applications will begin on March 15, 2012; applications will be accepted 
until the position is filled. The position may be filled as early as June 1, 2012. 
Candidates must be currently eligible to work in the United States. 


Texas Tech University is an Equal Opportunity/Affirmative Action Employer 
and actively seeks the candidacy of women and minorities. 


PENNSTATE 


BS University 
Park 


Assistant/Associate Professor 
Wildlife Management and 
Conservation/Population 
Ecology 


The Pennsylvania State University seeks 
applicants for a tenure-track position in 

wildlife population dynamics, management 

and conservation. This is an academic-year 
appointment with both research and teaching 
responsibilities. The successful candidate is 
expected to develop an extramurally supported 
research program emphasizing mathematical and/ 
or statistical approaches to quantifying wildlife 
population/community response to management 
options, habitat change and manipulation, and/or 
anthropogenic stressors. The successful candidate 
will join the School of Forest Resources 
http://sfr.psu.edu/ as it transitions into the 
Department of Ecosystem Science and 
Management. See full position announcement, 
including all required qualifications and 
application information, at http://sfr.psu.edu/ 
faculty-position-wildlife. 


Birth Defects Research 
The University of Texas at Austin 
Dell Pediatric Research Institute 


The new Dell Pediatric Research Institute (DPRI; http://dpri.utexas.edu/) is a state-of-the-art 
medical research facility whose mission is to advance understanding of childhood diseases and 
congenital disorders. We are inviting applications for tenured or tenure-track faculty positions 
at all levels. Positions are available for individuals with research programs focused on 
neurodevelopmental disorders and genetic disorders. We are interested in candidates who use 
contemporary approaches to investigate vertebrate and human development and disorders associated 
with development. We encourage applications from MD/PhD clinician-scientists with expertise 
in medical genetics/genomics and bioinformatics. Appointments will be made in the appropriate 
academic unit within the College of Natural Sciences, College of Pharmacy, or School of Engineering. 
Positions include competitive salary and start-up packages, and laboratory space in DPRI, adjacent 
to Dell Children’s Medical Center just minutes from the UT-Austin campus. 


We seek outstanding investigators who will build active research programs, teach effectively at the 
undergraduate and/or graduate levels, and interface clinically (if appropriate) and scientifically with 
translational research opportunities at the Dell Children’s Medical Center. Successful candidates are 
eligible for affiliation with various campus-wide research institutes which provide outstanding core 
research facilities and excellent graduate programs. 


Review of applications will begin April 1st and continue until positions are filled. Please send a 
single PDF file containing a letter of application, curriculum vitae, statement of research interests, 
a one page teaching statement, and names of 3-5 references (who will not be contacted without the 
consent of the candidate) to: 
Dr. Dean R. Appling 
Chief Administrator, Dell Pediatric Research Institute 


Penn State is committed to affirmative action, 

equal opportunity and the diversity of its 

workforce. 

Opportunities as limitless as Penn State. 
www.psu.jobs 


The University of Texas at Austin 
1400 Barbara Jordan Blvd. 
Austin, TX 78723 
email: dappling@mail.utexas.edu 


The University of Texas is an Equal Opportunity Employer. Qualified women and minorities are 
encouraged to apply. A background check will be conducted on selected applicants. 


Tulane - 
University 


FACULTY POSITION IN DEVELOPMENTAL BIOLOGY 


The Department of Cell and Molecular Biology at Tulane University (http: 
//tulane.edu/sse/cell/) anticipates filling a tenure-track/tenured position 
beginning July 1, 2012 or January 1, 2013, with open rank (Assistant 
or Associate Professor). Targeted are individuals whose research inter- 
ests focus on Developmental Biology, with an emphasis in mammalian 
organogenesis. The Department is undergoing a rebuilding process and 
has targeted Developmental Biology and Neuroscience as areas for rapid 
growth. Applicants at the assistant professor level must have a Ph.D., 
at least 2 years of postdoctoral experience, a strong publication record 
and show strong potential for obtaining external funding. Senior level 
candidates are expected to have a strong record of research accomplish- 
ments and funding. The successful applicant will be expected to establish 
a vigorous, independent research program and to participate in graduate 
and undergraduate teaching. Opportunities exist for research collaborations 
and participation in the Tulane Cancer Center, the Tulane Primate Center, 
the Center for Bioenvironmental Research, and the Tulane Neuroscience 
Program. 


Applicants should send curriculum vitae, a brief statement of research 
interests and three letters of recommendation by April 16, 2012 to: 
Dr. YiPing Chen 
Chair, Department of Cell and Molecular Biology 
Tulane University 
6400 Freret Street 
2000 Percival Stern Hall 
New Orleans, LA 70118 


Tulane University is an Equal Opportunity/ADA/Affirmative Action 
Employer and encourages minority and female applicants to apply. 


TRANSLATIONAL BIOMEDICAL RESEARCH OPPORTUNITY 


Genomic Medicine/Bioinformatics 


Sigfried and Janet Weis Center for Research is seeking outstanding independent 
scientists for full-time research positions at ranks equivalent to Assistant, Associate 
or Full Professor in the areas of Genomics and Bioinformatics. The Weis Center is 
a basic and translational research facility of Geisinger Clinic located at Geisinger 
Medical Center (GMC) in Danville, PA. Genomic Medicine is a strategic focus for 
translational research at Geisinger 


Genomic Medicine is a strategic focus for translational research at Geisinger 


About the position: 

* Expertise in laboratory, computational, or statistical genetic approaches 
* Expand ongoing research on the genetic basis of disease 

* Proven records of innovative research with relevance to human disease 
* Collegial environment with collaborative research opportunities 


Geisinger Health System’s advanced electronic medical record system and health 
information technology infrastructure allows for electronic capture of clinical data 
and large biorepository of patient specimens. 


Technical resources include instrumentation for confocal, TIRF, and single cell 
fluorescence imaging, microarray analysis, genotyping, DNA sequencing, and flow 
cytometry, and an AAALAC-accredited animal facility. Substantial resources are 
available for start-up, ongoing research support and salary. 


Qualified individuals should submit curriculum vitae, statement of research interests 
and three reference letters to Ms. Kristin Gaul, Weis Center for Research, Geisinger 
Clinic, via email (kgaul@geisingeredu). Please refer to position WCR-3638 in the 
subject line. Applications will be accepted until the positions are filled. 


For more information on research programs at Geisinger visit our website at 
http://www.geisinger.org/professionals/research/wer. 


Geisinger Health System is an Affirmative Action/Equal Opportunity Employer 
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Nontraditional 
Careers: 
Opportunities 
Away From 
the Bench 


Webinar 


Want to learn more about exciting 
and rewarding careers outside of 
academic/industrial research? 
View a roundtable discussion that 
looks at the various career options 
open to scientists and strategies 
you can use to pursue a 
nonresearch career. 


Now Available 
On Demand 


www.sciencecareers.org/ 
webinar 


Produced by the 
Science/AAAS Business Office. 
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POSITIONS OPEN 


FACULTY POSITION 


The Department of Molecular Physiology and Bio- 
physics at Baylor College of Medicine is seeking scientists 
employing advanced technologies for the cardiovascu- 
lar system, neuromuscular function, metabolism /obesity, 
or cancer in vertebrate models of human disease. We are 
recruiting for ASSISTANT (tenure-track) or ASSOCI- 
ATE PROFESSOR with strong independent research 
programs (preferably with current NIH funding) and a 
commitment to excellence in graduate and medical stu- 
dent education. The department currently has strong 
research programs in both basic and translational 
biomedical research and has state-of-the-art facilities 
for confocal and multiphoton imaging, mouse MRI, 
computed tomography, and cores for the creation and 
phenotypic analysis of new mouse models. Baylor 
College of Medicine is a world-renowned research in- 
stitution with ample opportunities for scientific inter- 
action and collaborations within the department, 
throughout the College, and with the other world 
class institutions of the Texas Medical Center. 

Applications must be received by April 15, 2012. 
Please electronically send your application materials to 
e-mail: molphys@bcm.edu and include a curriculum 
vitae and a description of your current and future re- 
search program. Additionally, have three letters of ref- 
erences sent separately to the same e-mail address. 


SENIOR FACULTY POSITION in 
Developmental Neuroscience 
Stark Neurosciences Research Institute 
Wells Center for Pediatric Research 
Indiana University School of Medicine 


The Indiana University (IU) School of Medicine, 
in partnership with Indiana University Health, is un- 
dertaking a major expansion of neuroscience research 
and research facilities at its campus in Indianapolis. The 
Paul & Carole Stark Neurosciences Research Institute 
(SNRJ) in partnership with the Herman B. Wells Cen- 
ter for Pediatric Research announces a search for an 
accomplished Senior-level Investigator for a position at 
the rank of ASSOCIATE or FULL PROFESSOR to 
direct and expand a multi-faculty research group in neu- 
rodevelopment and regeneration. Individuals with ex- 
ceptional and well-funded research programs in any 
area of developmental neuroscience, particularly with 
direct translational potential, will have the opportu- 
nity to participate in hiring of additional junior and 
mid-career investigators and develop an internation- 
ally prominent research group. Of particular interest 
are candidates who combine cellular, molecular, or ge- 
netic approaches to investigate fundamental questions 
in human developmental disorders. Researchers em- 
ploying interdisciplinary approaches including advanced 
imaging, structural biology, or electrophysiology are 
encouraged to apply. Primary departmental affiliation 
is anticipated to be in Pediatrics, Psychiatry, Neurology, 
or Genetics although appointments in other depart- 
ments can be negotiated by mutual interest. An M.D. 
and/or Ph.D. degree and strong evidence of contin- 
uous productivity and grant support are required. A 
competitive initial support package will include ample 
startup funds and laboratory space in a new research 
building and access to exceptional core research facil- 
ities for animal and human imaging, molecular biol- 
ogy, chemical biology, transgenics, and computational 
biology and bioinformatics. More information about 
the SNRI (website: http://www.snri.iusm.iu.edu) 
and the Wells Center (website: http://www.wellscenter. 
iupui.edu) can be found on our websites. Interested in- 
dividuals should send curriculum vitae, a research pro- 
spectus, and the names and addresses of five references. 
Application materials will only be accepted in electron- 
ic format by submission to the attention of Dr. Gerry 
Oxford, Executive Director, Stark Neurosciences Re- 
search Institute, IU School of Medicine at e-mail: 
snri@iupui.edu. IU is an Equal Employment Opportunity/ 
Affirmative Action Employer, Minorities/Females/Persons with 
Disabilities. 


POSITIONS OPEN 


TENURE-TRACK/TENURED FACULTY 
Microbiology & Infectious Diseases 
Florida Atlantic University 

The Charles E. Schmidt College of Medicine is seeking 
a tenure track/tenured faculty member at any rank to 
conduct research and teach microbiology and infectious 
diseases or a related topic to medical and graduate stu- 
dents. The applicant should have a well-developed re- 
search program focusing on molecular basis of human 
diseases and/or therapies. The successful candidate will 
have a Ph.D. and/or M.D. 

Preferred candidates will have research interests that 
complement those of current faculty, a demonstrated 
ability to conduct innovative research, a strong record 
of external grant awards and must be currently funded 
with a NIH RO] grant or equivalent. 

Applications will be accepted until April 30, 2012 or 
until the position is filled. Application materials must 
be submitted electronically including: Administrative, 
Managerial and Professional (AMP) application, coy- 
er letter, curriculum vitae, a one-page statement of 
teaching experience and philosophy, a one-page sum- 
mary of research interests and the names of three 
references to website: https://jobs.fau.edu (position 
#981310). Credentials will be subject to Florida Pub- 
lic Records Law. For accommodation, call telephone: 
561-297-4341. A background check is required for 
the candidate selected for this position. Equal Opportunity/ 
Equal Access TTY/TDD 1-800-955-8771. 


Your 

Ca reer Get help 
IS OUr Wiz bs 
cause. experts. 


www. 
sciencecareers.ors 


Job Postings 
Job Alerts 


Resume/CV 
Database 


Career Advice 
Career Forum 


Science Careers 


MV AAAS 


From the journal Science 


ARKETPLACE 


Widely 3 ¢ / U 


Recognized Traicated 
Original & Tag DNA 
Guaranteed Polymerase 
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